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Abstract

This thesis presents the findings of a series of experimental 

investigations into liquid and vapour-phase fuel behaviour in a firing gasoline 

direct injection (GD-I) engine. Conceptually, the thesis is divided into four 

subsections. In the first of these subsections, the author presents a literature 

review of contemporary mixture-preparation strategies for gasoline engines. 

The review is extended to include experimental methods for the investigation of 

air-fuel mixing and in-cylinder fuel distributions and closes by considering the 

application of the reviewed techniques to the special case of the GD-I engine.

The second subsection presents the results of a study into the affect of 

injection timing on liquid-phase fuel distributions in an optically-accessed GD-I 

engine with a near-central fuel injector position. Two-dimensional fiiel 

distribution images are shown for a wide range of fuel injection timings. The 

experimental results are compared with the results of an independent study of 

exhaust emissions, and a phenomenological model describing the emissions 

formation in relation to the in-cylinder location of the liquid fuel is developed 

and discussed.

The third subsection presents the results of an experimental study into 

the affect of fuel composition on spray development and air-fuel mixing in the 

same optical GD-I engine — featuring a near-central fiiel injector — as used in 

the previous study. The effects of cylinder temperature and fuel volatility on the 

spray development are discussed. In addition to liquid-phase studies, this 

subsection presents vapour-phase images collected using the technique of laser- 

induced fluorescence. In light of the presented results, fluorescence imaging 

and the influence of base fuel on the dopant images are discussed at length.

The final subsection of this thesis presents the results of a Mie- 

scattering study in a firing optical GD-I engine featuring a side-mounted fiiel 

injector. The influence of fuel injection pressure on the mixture formation 

process and spray characteristics is examined.
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Chapter 1

Fuel Metering Strategies and Exhaust Pollutant Control in 

Spark-ignition Engines.

An introduction to hydrocarbon combustion chemistry is presented with 

specific reference to the spark-ignition intemal-combustion engine. Exhaust gas 

composition and the basic formation mechanisms of exhaust-gas pollutants are 

discussed. Particular emphasis is placed on emissions legislation, and the 

environmental effects of individual pollutant species. The chapter concludes 

with a review of contemporary emissions control strategies and fuel-metering 

devices.

1.1 Introduction

Internal combustion engines are known to be a major source of air 

pollution. In the United States, it has been estimated that road vehicles were 

responsible for 62% of all carbon monoxide (CO) emissions, 32% of the 

emissions of oxides of nitrogen (NOx), and 26% of all hydrocarbon (HC) 

emissions during 1994 [U.S. Department of Transportation 1996]. Moreover, 

in urban areas the road vehicle contributions to air pollution are acknowledged 

to be greater than the quoted figures. Heywood [1996] estimates that between 

80 and 90 percent of CO emissions in urban areas are produced by spark- 

ignition engines. In the United Kingdom, the problem is even worse. Recent 

government figures have suggested that nationally 49% of the NOx emissions, 

91% of CO emissions, and 38% of HC emissions are due to road transport 

sources [Department of Transport 1996].

In addition to the emission of toxic and reactive gases, the internal 

combustion engine has been established globally as the primary anthropogenic 

source of carbon dioxide (CO2). Although CO2 emissions are non-toxic (and 

have long been considered harmless), they are now suspected of contributing 

towards global climate change [Dunne and Greening 1993]. In the United 

Kingdom, it was estimated that road transport was responsible for over 20% of 

all CO2 emissions during 1993 [Department of Transport 1996], while the
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United States reported similar percentage emissions of CO2 during 1994 [U.S. 

Department of Transportation 1996].

Despite increasing fuel efficiency and a general reduction in the levels of 

exhaust pollutants emitted from new vehicles, the recent growth of road vehicle 

usage has outpaced the technological gains in efficiency and cleanliness. In the 

United States, the U.S. Department of Energy predicts that CO2 emissions by 

transportation could increase by 1.3% per year through to 2010 [U.S. 

Department of Energy 1995]. NOx emissions due to U.S. road vehicles are 

known to have increased by approximately 2% since 1991 [U.S. Environmental 

Protection Agency 1995], while CO emissions rose by a similar amount 

between 1992 and 1994 [U.S. Department of Transportation 1996].

It is clear that, with continued growth of vehicle usage predicted 

worldwide, further reductions in vehicle emissions and improved fuel efficiency 

are essential to the future of the spark-ignition engine. Therefore, this chapter 

will consider the major exhaust emissions of the spark-ignition intemal- 

combustion engine with specific reference to technologies for their reduction 

and control.

1.2 Ideal Combustion Chemistry of Hydrocarbon Fuels

The equilibrium equation for ideal combustion o f a general hydrocarbon 

fuel in atmospheric air (where the composition of air is assumed 21% oxygen 

and 79% nitrogen by volume) is

C .H h + a + — 
4

(0 2 +3 J6 N2)= aC02 + ^ H 20  + 3.16 a + — N 2 (1.1)

The hydrocarbon fuel is completely oxidised; all of the carbon is converted to 

carbon dioxide (CO2) and all of the hydrogen to water (H20). Thus, equation 

(1.1) may be seen to define the chemically correct (or stoichiometric) 

proportions of fiiel and air. Note that in this ideal reaction the atmospheric 

nitrogen (N2) is assumed inert.

18
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The stoichiometric value of fuel/air ratio is used to define a convenient 

measure of mixture preparation that will be used throughout this work. The 

fuel/air equivalence ratio, <j>, is given by

Fuel

x ~ v Air ) 
9 (F uel\

actual (1.2)

Air stoichiometric

Some references may refer to the relative air/fuel ratio, X. The relative air/fuel 

ratio is the inverse of the fuel/air equivalence ratio, therefore

X = -  = 
</>

Air
Fuel

~AF
Fuel

actual

stoichiometric

(1.3)

Hence, for fuel-lean mixtures: <f> < 1, X > 1

for stoichiometric mixtures: (/>= X = \  

for fuel-rich mixtures: </>> I, X< I

1.3 Formation Mechanisms of Major Pollutants Species

Equation (1.1) defined the chemically correct proportions of fiiel and 

air required for the complete combustion of a hydrocarbon fuel. However, the 

actual combustion of hydrocarbon fuels in spark-ignition engines differs from 

the ideal case in several important regards. Fuel/air mixtures with more than or 

less than the stoichiometric air requirement (giving significantly different 

combustion products) may be burned. The large variations of gas composition, 

cylinder temperature, and pressure that occur during the combustion process 

change the individual equilibrium reactions in accordance with Le Chatelier’s 

Principle. Moreover, at peak combustion temperatures the atmospheric 

nitrogen may no longer be regarded as inert.

19
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In practice, the exact composition of the exhaust gas will depend on the 

engine operating conditions, and in particular the relative proportions of fuel 

and air supplied to the combustion reaction. Although the major part of the 

exhaust gas will still be composed of C02, H20 , and N2, the exhaust gas will 

also contain a number of toxic or otherwise hazardous components. Maly 

[1994] states that apart from the C 02 emissions, the most critical exhaust gas 

pollutants from a spark-ignition engine are the oxides of nitrogen (collectively 

known as NOx), CO, and HC. Figure 1.1 illustrates the typical variation of NO, 

CO, and HC emissions with fuel/air equivalence ratio for a spark-ignition 

engine.

N O

H C

C O

Figure 1.1: Variation of spark-ignition engine NO, CO, and HC emissions with fuel/air 

equivalence ratio [adapted from Heywood 1988].

NOx emissions from spark-ignition engines are primarily controlled by 

the peak combustion temperature and pressure. The major constituent of the 

NOx group for spark-ignition engines is nitric oxide (NO). The formation of

NO is generally accepted to be dependent on a series of reactions known as the

extended Zeldovich mechanism [Heywood 1988]. The pripdipal reactions in the 

mechanism are

0  + N 2 o NO + N  (1.4)

N  + 0 2 <̂> NO + O (1.5)

N  + OH & N O  + H  (1.6)

20
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The Zeldovich reactions (in both the forward and reverse directions) are 

highly temperature dependent such that after ignition the NO concentration 

increases rapidly. As the cylinder temperature and pressure begin to fall there is 

an initial decrease in the NO concentration. However, as the temperature and 

pressure decrease still further, the relative disparity between the backward and 

forward reaction rates of the Zeldovich reactions cause the NO concentration 

to ‘freeze’ and remain at a constant value [Benson and Whitehouse 1979].

HC emissions from intemal-combustion engines are the consequence of 

incomplete combustion of the hydrocarbon fiiel. Heywood [1988] has 

proposed four possible mechanisms by which HC emissions may be formed in a 

spark-ignition engine: flame quenching at the entrance to crevice volumes 

within the cylinder; absorption of fiiel vapour into lubricating oil films during 

the intake and compression strokes, followed by desorption during the 

expansion and exhaust strokes; flame quenching at the combustion chamber 

walls; and incomplete combustion due to poor fuel/air mixture preparation.

The emissions of CO from spark-ignition engines are primarily 

controlled by the fuel/air equivalence ratio [Heywood 1988]. There are two 

major CO formation mechanisms in a spark-ignition engine. CO may be formed 

due to the incomplete combustion of fiiel and/or the dissociation of engine 

gases. In fuel-rich mixtures, there is insufficient oxygen for complete 

combustion; thus, the CO concentrations in the exhaust increase steadily with 

increasing equivalence ratios. However, low levels of CO may also be found in 

the engine exhaust gas following the combustion of stoichiometric and fuel-lean 

mixtures. Stone [1992] attributes this to the effects of dissociation, and states 

that (for fuel-lean mixtures) the CO concentration in the exhaust reduces with 

decreasing combustion temperatures.

1.4 Emissions Legislation

The major constituents of the exhaust gas from a hydrocarbon fuelled 

spark-ignition engine have been shown to consist of the three ‘ideal’ 

combustion products (N2, C 02, and H20), plus CO, NOx, and HC. The hazards 

presented by this gaseous ‘cocktail’ are well known: CO and NOx are toxic
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gases, while some HC species are known to be carcinogenic. In sunlight, 

unbumed HC may react with N 0X to produce a photochemical smog whose 

undesirable effects include oxidant formation, eye irritation, plant damage, and 

reduced visibility [Leighton 1961]. Furthermore, C 02 (one of the products of 

‘ideal’ combustion) is strongly suspected of contributing to recently observed 

changes in the global climate.

In 1970, the U.S. government introduced the federal Clean Air Act 

(CAA) in direct response to the environmental and public health concerns 

raised by increased motor vehicle usage. Strict limitations, in terms of grams 

per mile, were imposed on the exhaust emission of HC, CO and NOx from new 

vehicles. At the same time, similar legislation was introduced to Europe by the 

United Nations Economic Commission for Europe (ECE), becoming a legal 

requirement in the UK in 1976 [Dunne and Greening 1993]. Since then, the 

permissible emissions levels for new vehicles have been regularly updated to 

account for the projected growth in motor vehicle usage1. Table 1.1, 

illustrating recent European legislation for passenger vehicle emissions, shows 

the planned reduction of individual pollutant limits to the year 2006.

Table 1.1: European Passenger Car Emissions Legislation (1993 — 2006); HC: Unbumed 

hydrocarbons; NOx: Oxides of nitrogen; CO: Carbon monoxide; PM: Particulate matter.

HC
(g/km)

NOx
(g/km)

HC + NOx
(g/km)

CO
(g/km)

PM
(g/km)

EC 93 — Step I - - 0.97 2.72 0.14
EC 96 — Step H - - 0.50 2.20 -

EC2000 — Step IIIa 0.20 0.15 - 2.30 -

EC2005 — Step IVb 0.10 0.08 - 1.00 -

a: Type approval 1 January 2000/ First registration 1 January 2001 

b: Type approval 1 January 2005/ First registration 1 January 2006

1 United Kingdom government forecasts predict that, in the absence of unexpected changes 

in behaviour, all motor vehicle traffic will increase by 30-49% from 1994 levels by the year 

2010 [Department of Transport 1996].
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1.5 Emissions Control Strategies

Legislation binds automotive manufacturers to produce new vehicles 

conforming to the emission standards of their target market. However, while 

the basic formation mechanisms of spark-ignition engine emissions were 

discussed in §1.3, emissions legislation is focused on vehicle emissions. 

Accordingly, pollutants may be removed from the engine exhaust gases in the 

vehicle exhaust system prior to emission. This section presents a brief overview 

of contemporary strategies for vehicle emission control. It should be noted that 

although geographical variations in standard test-cycles and permissible 

pollutant levels exist, the basic technologies of exhaust emission control are 

common to all markets.

Historically, the earliest attempts to control exhaust pollutant levels 

from spark-ignition engines involved a combination of techniques; exhaust-gas 

recirculation (EGR) and retarded ignition (to reduce NOx emissions), combined 

with thermal afterburning (to reduce emissions of HC and CO) [Stone 1992]. 

However, it can be shown that these techniques are not fully compatible and, in 

some circumstances, may actually be counter-productive. Excessive use of 

either EGR or retarded ignition timings may cause an increase HC and CO 

emissions due to reduced combustion stability. Similarly, while a thermal 

reactor may reduce HC and CO emissions, the additional high temperature 

process may actually generate additional NOx emissions.

EGR has proven to be an effective method of reducing NOx emissions. 

The technique can be implemented in either of two ways, known as internal 

exhaust-gas recirculation and external exhaust-gas recirculation, respectively. 

Typically, the trapped mixture in a spark-ignition engine will contain, in 

addition to fiiel and air, a small percentage of residual burned gas (known as 

the residual gas faction) from previous combustion processes. The magnitude 

of the residual gas fraction can be regulated by the selection of appropriate 

valve timing (internal exhaust-gas recirculation). Although limited by 

mechanical design considerations, the application of internal EGR may be 

extended by the use of variable valve timing to reduce NOx emissions over a 

range of operating conditions. Alternatively, the addition of burned gas to the
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in-cylinder mixture may be controlled by external EGR valves (external 

exhaust-gas recirculation). In comparison with internal EGR, the external EGR 

technique is more flexible in operation, allowing greater quantities of exhaust 

gas to be added to the unbumed mixture. However, external EGR devices are 

prone to clogging due to exhaust gas deposits; thus, progressively reducing the 

efficiency of the system throughout the lifetime of the engine [Bosch 

Automotive Handbook 1993]. Moreover, external EGR systems require the 

existence of a pressure difference between the engine exhaust and inlet systems; 

therefore, they are not applicable to unthrottled engine concepts.

At present, the most widely used device for the treatment of spark- 

ignition engine-out gases is the catalytic converter. Oxidising catalysts may be 

used for HC and CO, reducing catalysts for NOx and three-way catalysts 

(TWC) for all three pollutants [Heywood 1988]. Of these devices, the TWC 

allows the reduction of NO and the oxidation of HC and CO to be performed 

in a single catalyst bed, provided the engine is operated with an air/fuel ratio at 

or close to stoichiometric. The need for the TWC to run stoichiometrically 

presents one of the major drawbacks of the system. Sophisticated fuel-injection 

systems and exhaust gas sensors are required to maintain stoichiometric tune, 

while the stoichiometric operation itself compromises the vehicle fuel economy. 

A further drawback of the TWC is that it requires a finite time to reach its 

optimum operating temperature; thus, the TWC is highly inefficient during the 

important cold-start/warm-up period.

‘Lean-bum’ combustion has been proposed as an alternative strategy 

for controlling emissions from the spark-ignition engine while also reducing 

fuel consumption. Referring back to Figure 1.1, it can be seen that CO 

emissions fall steadily to a (roughly) constant minimum as the fuel/air 

equivalence ratio is reduced below the stoichiometric value. At the same time, 

NO emissions can be seen to rise to a peak (at a fuel/air equivalence ratio of 

approximately 0.9), before falling again, as the equivalence ratio is further 

decreased. Note that HC emissions fall steadily as the equivalence ratio is 

reduced, before rising steeply as the mixture becomes too lean to support stable 

combustion. It is this rapid increase in HC emissions that provides a practical 

limit to the fuel-lean operation of a specific combustion system. Considerable
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reductions in brake specific fuel consumption and engine-out CO, HC, and NOx 

emissions can be realised by the extension of this ‘lean combustion limit’.

Despite the potential advantages, the ‘lean-bum’ concept has not been 

well accepted by automotive manufacturers. Under part-load conditions, lean- 

bum engines consume more air to obtain a given torque than do those that are 

stoichiometrically fuelled. Accordingly, a lean-bum engine at part-load requires 

a greater level of volumetric efficiency than does a conventional engine. 

However, the operation of an engine with a lean mixture generally requires the 

enhancement of in-cylinder charge motion in order to stabilise the combustion 

process. Although this may be achieved using devices such as swirl-ports, 

shrouded valves and valve deactivation, such devices typically result in reduced 

volumetric efficiencies. Yet, the most serious problem with the contemporary 

lean-bum concerns the aftertreatment of the exhaust gases. Exhaust gases from 

lean-bum engines are inevitably in an oxygenated condition in which the TWC 

does not work effectively [Horie et al 1992]. Therefore, while ‘engine out’ 

NOx levels may be decreased when using lean-bum engines, the ‘vehicle out’ 

NOx emissions may actually increase. Inoue et a l [1993] conclude that for the 

future of lean-bum combustion, the development of a practical lean NOx 

catalyst is essential.

In order to meet future emissions proposals, Jackson et a l [1996] have 

estimated that lean-bum combustion systems will require NOx catalysts with 

overall conversion efficiencies of between 65 and 75%. Recently, Toyota has 

developed a NOx storage catalyst in an attempt to address the NOx reduction 

problems of lean-bum engines. The operation of the catalyst is simple in 

principle. When the exhaust stream is oxygen rich — i.e. during lean operation 

— NOx is removed from the exhaust stream and stored in a catalytic material. 

The stored NOx is then reduced during short periods of fuel-rich operation. It is 

claimed that there is no significant penalty in terms of additional HC and CO 

emissions during the fuel-rich reduction period [Toyota 1997]. However, the 

high sulphur content of many commercial gasolines degrades the conversion 

efficiency of these catalysts, which greatly reduces the effective operating life 

of the NOx storage system. Further work is required before this technology 

becomes commercially viable on a worldwide basis. A more recent
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development in the treatment of exhaust gas pollutants from spark-ignition 

engines is a plasma system that provides NOx, HC and CO conversion [Jackson 

et a l 1996]. The system, developed by AEA Technology in the UK, is reported 

to feature a low temperature, low pressure, low energy surface plasma that 

would package in a similar volume as a conventional catalyst. Technical details 

o f the system are as yet unpublished; however, the results of preliminary testing 

with a prototype device are reported to be ‘highly promising’. Other NOx 

reduction systems under development at this time include DeNOx, a continuous 

catalytic system, which is noted to suffer from similar sulphur poisoning 

problems as the NOx storage catalyst [Krutzsch et al 1998], and selective NOx 

recirculation (SNR).

1.6 Conventional Fuel Metering Strategies

It is clear from the review presented in §1.5 that the success of any 

emission control strategy in an intemal-combustion engine is primarily 

dependent upon accurate fuel management. In a spark-ignition engine, this 

encompasses four major tasks: fuel metering, mixture preparation, mixture 

delivery, and mixture distribution [Lenz 1992]. Conventional fuelling strategies 

aim to produce a homogeneous fuel/air mixture in the cylinder at the time of 

ignition. The mixture quantity (and hence power output at a given fuel/air 

equivalence ratio) is regulated by throttling the air flow to the engine, while the 

fuel/air ratio is controlled by metering the fuel supply in proportion to the air 

flow. Traditionally, these processes are controlled by external mechanisms — a 

driver-operated throttle valve and a mixture formation device — attached to a 

common manifold. While the initial phases of mixture preparation (metering 

and fuel atomisation) occur in the mixture formation device, fUel vaporisation 

and blending of the fuel/air mixture occur primarily in this (intake) manifold.

In addition to mixture preparation, the intake manifold is responsible for 

transporting and distributing the fuel/air mixture to the engine. Generally, the 

fuel enters the manifold in droplet form. Some of these droplets evaporate to 

form fuel vapour and blend with the air stream. Others impact on the manifold 

walls to form a liquid fiiel-film from which fuel may be vaporised (due to the 

high surface temperatures) or tom off (due to the airflow). Alternatively, the
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Figure 1.2: Phase transitions in an intake manifold of a spark-ignition engine [adapted 

from Rokita et al. 1993].

liquid-phase fuel may remain entrained in the airflow though the manifold, thus 

entering the combustion chamber in droplet form. Figure 1.2 illustrates the fuel 

phase transitions within the intake manifold of a conventionally fuelled spark- 

ignition engine.

For multi-cylinder spark-ignition engines, mixture formation systems 

are typically classified as either, single-point systems (in which all cylinders are 

served by a single mixture-formation device), or multipoint systems (in which 

several mixture formation devices are used). Regardless of the chosen system, 

the quality of the mixture preparation will be directly influenced by the 

efficiency and positioning of the mixture formation device(s). Evaporation, wall 

impingement, break-up, dispersion, and separation are determined by the initial 

sizes and trajectories of the fuel droplets [Rokita et al 1993].

In theory, the fuel/air mixture may be prepared by either a carburettor 

or a fuel injection system. However, the severity of proposed emissions 

standards effectively legislate against the fixture use of the carburettor, which is 

unable — particularly under transient conditions — to provide the precise 

control of fuel-air equivalence ratio necessary for use with existing exhaust-gas 

aftertreatment technologies. Indeed, the operation of the currently dominant 

emissions control device — the three-way catalytic converter — requires that
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the fuel-air equivalence ratio be maintained within 1% of stoichiometric at all 

times. At present, the only practical means of controlling the equivalence ratio 

with the necessary precision is with sophisticated port fuel injection (PFI) 

systems running under closed-loop control.

There are two basic types ofPFJ^ystems in use: single-point (having 

one or more fuel injectors in the throttle body), and multipoint (having one or 

more fuel injectors mounted close to the inlet valve of each cylinder). Single

point injection systems are noted to suffer from many of the problems 

encountered with carburettor based systems. Mixture transport and mixture 

distribution still take place within the intake manifold; thus, uniform mixture 

distribution (and therefore the precise control of equivalence ratio) is difficult 

to achieve under all operating conditions [Bosch Automotive Handbook 1993]. 

Moreover, fuel transport delays due to the relative remoteness of the injector(s) 

from the intake valves limit the responsiveness of the system.

Although single-point injection systems offer greater control over fuel 

metering than does the carburettor, they are ordinarily preferred to multipoint 

injection systems only on the grounds of cost [Lenz 1992]. In terms of engine 

performance, the multipoint system offers by far the greater potential. Nogi et 

al. [1988] highlight the greater responsiveness of multipoint injection, while 

Stone [1992] suggests a potential power advantage of around 10% over a 

single-point system. In recent years, fuel injector costs have been reduced to 

the point where multipoint injection is the most widely used of the available 

mixture formation systems. Consequently, the remainder of this section will 

focus on multipoint fuel injection systems.

Lenz [1992] defines a multipoint mixture formation system as a system 

that forms and injects fuel individually for each cylinder. However, this 

definition is qualified by an acknowledgement that multipoint systems may also 

include arrangements that inject fuel for groups of cylinders. Conventionally, 

the amount of fuel injected per cycle, for each cylinder, is varied in response to 

inputs derived from sensors that monitor the actual engine operating 

conditions. Thus, precise control of the fuel-air equivalence ratio is maintained 

at all times [Heywood 1988]. Typically, the fuel injectors are mounted in close 

proximity to the intake valves of each cylinder. Positioning the injectors close
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to the valves is significant. Fuel flow within the manifold is confined to a short 

length between injector and valve; thus, the manifold may be designed for 

optimum airflow leading to greater volumetric efficiency. Moreover, because 

the distance from the injector to the valve is short, the responsiveness of the 

system is improved. However, at the same time the period available for mixture 

preparation within the manifold is reduced [Nogi et al. 1988].

Reduction of the air and fuel mixing time can create a lack of uniformity 

in the charge that can easily reduce engine performance and increase emissions 

[Nogi et a l 1988]. The timing of the injection event is critical. Three basic 

injection-timing strategies are routinely employed; continuous injection, 

simultaneous injection, and sequential injection. Some early injection systems 

(most notably the Bosch K-Jetronic system) employed a continuous injection 

strategy. In these systems, fuel is injected continuously in front of the intake 

valves with the spray directed towards the valves. Hence, approximately three- 

quarters of the fuel required for any cycle is stored temporarily in front of the 

valve, and one-quarter enters the cylinder directly during the intake process 

[Heywood 1988]. However, fuel entering the cylinder directly in this way is 

known to have an adverse effect on HC emissions; hence, continuous injection 

strategies are now seldom, if ever, seen in new vehicle applications. A 

simultaneous injection system introduces a measured quantity of fuel into the 

intake port of each cylinder simultaneously. The drawback of this arrangement 

is that fuel is necessarily resident in the intake ports of some cylinders for 

longer periods than others. Under transient operating conditions, this may 

cause the mixture strength to vary between cylinders resulting in a loss of 

performance and increased vehicle emissions. In contrast, sequential injection 

synchronises the injection of fuel into each cylinder’s intake port with the 

cylinder’s intake valve timing. As a result, cylinder-to-cylinder variations of 

intake-port residence time are avoided.

The effects of injection timing on engine performance and exhaust gas 

composition have been the subject of several detailed studies [Nogi et al. 1988 

& 1989, Bandel et al. 1989, Ohyama et al. 1991, Fischer and Brereton 1997]. 

Although it is noted that injector position and in-cylinder charge motion also 

influence the results of these studies, Lenz [1992] summarises that injection
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timing may affect: ignition delay, combustion stability, lean combustion limit, 

fuel consumption and engine emissions. These effects may be especially 

significant during the cold start and warm-up periods. Broadly speaking, open 

intake valve injection timings have been found to produce higher HC emissions 

than closed intake injection [Fischer and Brereton 1997]. However, the timing 

of the injection within the period of inlet valve operation is critical. By injecting 

fuel late in the intake valve event, Bandel et a l [1989] demonstrated an 

improvement in combustion stability and fuel economy (in a swirl-assisted 

engine) at the expense of increased NOx emissions. These effects have been 

attributed to axial charge stratification.

The concept of an axially-stratified-charge engine was first proposed in 

the early 1980s by Quader [1982]. It was shown that axial stratification, with 

the richest mixture near the top of the combustion chamber and the leanest 

mixture near the piston top, could be achieved by imparting swirl to the intake 

air and injecting fuel late in the intake stroke. Quader was successfully able to 

extend the lean combustion limit of a production engine using this approach: 

the richer upper region of the charge ensuring a combustible mixture at the 

spark plug despite an overall lean equivalence ratio. Kiyota et al. [1992] 

proposed an alternative method of producing a stratified charge in multipoint 

PFI engines. The technique, known as barrel-stratification, utilises the tumbling 

air motion typically found in four-valve pentroof combustion systems. Fuel is 

introduced into the cylinder through one of the (two) intake ports, while 

tumble — a large-scale rotational air motion perpendicular to the cylinder axis 

— is intentionally enhanced by a sophisticated intake port design. Since the 

flow parallel to the axis of tumble is small, the resultant charge stratification 

may be maintained until the end of the compression stroke.

The potential benefits of controlled charge stratification in spark- 

ignition engines have long been recognised. Indeed, attempts have been made 

to develop a practical stratified-charge engine — combining the fiill-load 

performance of the spark-ignition engine and the part-load economy of the 

diesel — since the 1920s [Heywood 1988]. In theory, it is possible for 

stratified-charge spark-ignition engines to be operated with an unthrottled 

airflow; thus, minimising the pumping losses of the four-stroke engine’s
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scavenging cycle and improving part-load efficiency. However, unthrottled 

operation across the load range — whilst at the same time retaining acceptable 

control of exhaust emissions — requires precise spatial and temporal control of 

the evaporation and mixing processes.

The degree of mixture control required for the successful unthrottled 

operation of a spark-ignition engine is beyond that presently available with 

conventional multipoint PFI systems. Therefore, the present generation of 

stratified-charge engines such as: Mitsubishi’s Vertical Vortex (M W ) engine 

(which uses the concept of barrel-stratification [Kiyota et al 1992]), and 

Honda’s VTEC-E (which uses a variable swirl system to produce an axially- 

stratified-charge at light load [Horie et al. 1992, Matsuki et a l 1996]) retain a 

throttled air supply. At light load, these engines typically operate at an 

equivalence ratio of close to 0.6, providing an overall fuel consumption 

improvement in the region of 10-12% over a stoichiometric, non-EGR 

combustion system [Lake et a l 1996]. Although these figures represent a 

significant improvement in fuel efficiency over the conventional PFI engine, it is 

considered unlikely that future fuel consumption targets could be met with PFI 

technology. An alternative fuelling system, allowing the realisation of fully 

unthrottled operation is clearly required.

1.7 Gasoline Direct-Injection (GD-I)

The concept of direct (in-cylinder) fuel injection for gasoline engines is 

not new. In feet, the development of gasoline direct-injection systems for 

aircraft engines is reported to have started as early as the 1930s [Spiegel and 

Spicher 1992]. However, apart from some early investigations, serious 

development of GD-I systems for passenger car applications has only occurred 

during the past 15 years [Lake et a l 1996].

According to Anderson et a l [1996], the direct-injection research 

programs of the early 1970s were focused on two general types of stratified- 

charge engine: those employing low pressure injection systems with early 

compression-stoke injection, such as the Ford PROCO, and high pressure 

diesel-type systems such as the Texaco Controlled Combustion System 

(TCCS). Although these programmes were undoubtedly successful in
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improving fuel economy, the resulting concept engines reportedly suffered 

from low power output and poor emissions control compared to contemporary 

PFI spark-ignition engines.

Despite these initial failures, there has been a recent resurgence of 

interest in GD-I. For the most part, this renewed interest is due to the 

increasing pressure on automobile manufacturers to reduce fleet average CO2 

emissions. In Europe, a 140 g/km voluntary fleet average agreement has been 

agreed by the European Automobile Manufacturers Association (ACEA) and 

the European Commission for introduction in the year 2008. However, the 140 

g/km fleet average represents a significant challenge. Based on 1995 

production figures, Dunn [1997] calculated the VW-Audi group (VAG) fleet 

average CO2 emissions to be 177 g/km: 26% above the target level for the year 

2008. Worse still, the most fiiel-efficient vehicle in the fleet — the Seat Toledo 

TDi — was found to produce 135 g/km CO2 .

Meeting the proposed 140 g/km CO2 emissions target for 2008 will 

clearly require both an improvement in the fuel efficiencies of existing vehicles 

and the addition of more fuel efficient vehicles to the fleet. According to Dunn 

[1997], the industry benchmark for new vehicle CO2 emissions has become 90 

g/km over the ECE + EUDC2 drive cycle. However, in order to meet the 

proposed CO2 emissions standards for 2008, these (90 g/km) vehicles will be 

required to capture a significant share of a manufacturer's total passenger car 

sales. Thus, while high fuel efficiency and low pollutant emissions are clearly 

the primary design goals, the performance and cost of 90 g/km vehicles must 

remain attractive to the end user.

GD-I technology promises to provide the necessary improvements in 

thermal efficiency required to enable the gasoline engine to meet the future fuel 

consumption challenge [Jackson et a l 1996, Dunn 1997]. Indeed, many 

researchers maintain that GD-I engines have the potential to realise both 

greater part-load fuel economies than diesel engines and better high-load 

performance than conventional PFI gasoline engines [Kume et a l 1996, 

Jackson et al 1996, Lake et a l 1996]. Other potential benefits claimed for

2 Extra Urban Driving Cycle
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GD-I systems include reduced (or eliminated) cold start enrichment and lower 

knocking tendency [Anderson et a l 1996], and improved transient fuelling 

control [Jackson et a l 1996]. However, despite considerable research effort, 

the full potential of the GD-I engine has yet to be realised in a production 

engine.

Fraidl et a l [1996] summarised the current development targets for 

GD-I engines as follows: the reduction of fuel consumption — and therefore 

CO2 emissions — to the maximum possible extent, a power output (at least) 

equivalent to current multipoint PFI engines, the control of exhaust emissions 

to (at least) EC2000 standards, and a reasonable cost differential between 

multipoint PFI and GD-I engines. Although these goals are considered realistic, 

they are without doubt technically challenging. For example, it can be seen that 

the fuelling strategies required by some of these development targets are 

contradictory. On the one hand, matching the power output of today’s 

multipoint PFI engines dictates the use of a homogeneous-charge at full load 

[Fraidl et a l 1996]. On the other hand, maximum part-load foel-economy 

requires unthrottled, lean operation [Kume et a l 1996]. Accordingly, the foil 

potential of GD-I combustion systems can only be realised by a mixed 

homogeneous/stratified charge operation.

Charge formation in GD-I engines is primarily controlled by foel 

injection timing. Injection late in the compression stroke produces a stratified 

charge and offers the potential for unthrottled operation, while injection early 

in the intake process generally creates a homogeneous charge [Lake et a l 

1996]. The operation of mixed charge strategy within the engine’s load map 

necessitates the use of a highly controllable, electronic foel-injection system. 

The system must operate effectively despite the different ambient conditions 

associated with the two modes of operation. When foel is injected in the intake 

stroke, the typical cylinder pressure will be close to atmospheric [Kume et a l 

1996]. However, where the foel is injected in the later stages of the 

compression stroke, the injector may face a combustion chamber backpressure 

of up to 20 bar [Fraidl et a l 1996]. This large variation of ambient pressure has 

been shown to affect both the shape and penetration velocity of the foel spray 

[Kume et a l 1996, Fraidl et a l 1996]. Furthermore, in a computer evaluation
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of the fuel preparation requirements for GD-I engines, Dodge [1996] showed 

the charge density to affect fuel evaporation rates significantly. The higher air 

densities at late injection timings were calculated to provide more air drag and 

thus aid droplet evaporation.

Rapid vaporisation of the injected fuel is essential to the success of the 

GD-I concept. In a conventional multipoint PFI engine much of the fuel 

evaporation takes place within the intake system; thus, allowing the 

evaporation process to be drawn out over several cycles. Conversely, direct, in

cylinder injection necessarily limits the time available for fuel evaporation to 

that available during a single cycle. Droplets that are not fully evaporated 

during this period are very likely to be exhausted as unbumed HC emissions 

[Dodge 1996]; consequently, the size of the fuel droplets entering the cylinder 

is critical. — According to Spalding’s theory [Spalding 1979], vaporisation of 

an 80 pm droplet takes tens of milliseconds, whereas the vaporisation of a 20 

pm droplet takes only several milliseconds. — It has been estimated that, to 

provide suitable evaporation rates within a typical GD-I engine, droplets of less 

than 15 pm Sauter mean diameter (SMD) are required [Dodge 1996]. 

Typically, GD-I engines use a high (50-100 bar) pressure swirl injector to 

provide the necessary spray quality [Anderson et al. 1996, Kume et a l 1996, 

Fraidl ef al. 1996].

Although the time available for fuel evaporation is reduced compared to 

an equivalent PFI engine, the nature of the evaporation process may, under 

some circumstances, benefit the GD-I engine. Fuel vaporisation in a PFI engine 

mainly occurs by absorbing thermal energy from the surfaces of the intake ports 

and valves. In contrast, vaporisation in an early-injection (i.e., homogeneous 

charge) GD-I engine occurs primarily by absorbing thermal energy from the 

surrounding air; thus, lowering the charge temperature and potentially 

increasing volumetric efficiency. Anderson et al. [1996] showed that the 

volumetric efficiency of early-injection homogeneous charge GD-I engines is 

largely dependent on injection timing. On one hand, too early an injection 

timing will cause the fuel to impact the piston where some of it will vaporise; 

thus, eliminating much of the charge-cooling benefit. On the other hand, when
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the fuel injection is too late the intake valves close before the fuel is fully 

vaporised. Again, much of the potential benefit of charge cooling is lost. Gains 

of up to 5% in volumetric efficiency have been reported by the optimisation of 

early-injection timings between these two limits [Kume et al. 1996].

It is clear from the above discussion that, at full load (early-injection 

homogeneous charge), impingement of liquid fuel on the piston surface is 

generally undesirable. However, at part-load (late-injection stratified charge), it 

has been demonstrated that fuel impacting on the (rising) piston may be used to 

maintain charge stratification and direct fuel towards the spark plug [Kume et 

al. 1996, Jackson et al. 1996]. Using this technique, Mitsubishi Motors claim 

to realise stable combustion at equivalence ratios of less than 0.37. At full-load, 

the effects of charge cooling are significant. Anderson et al. [1996] reported 

the benefits to include higher torque output and lower knocking tendency, 

allowing homogeneous charge GD-I engines to be operated at higher 

compression ratios than their equivalent PFI engines. This alone can provide 

significant fuel economy gains [Lake et al. 1996].

Pollutant emissions from GD-I engines are strongly affected by the 

combustion regime [Fraidl et al. 1996]. At part load, Lake et al. [1996] have 

reported similar HC, NOx, and CO emissions between a baseline multipoint PFI 

engine at stoichiometric air/fuel ratio and an early-injection homogeneous 

charge GD-I engine. However, under similar conditions Anderson et al. [1996] 

found that HC emissions were (slightly) higher for the GD-I engine than for the 

PFI engine. This has been partially attributed to the GD-I engine having a 

higher compression ratio, thus compressing more unbumed gases into the 

crevice volumes and suppressing post oxidation in the exhaust port. However, 

higher HC emissions were also noted from the GD-I system than from the PFI 

system when applied to the same combustion system. Anderson reports that the 

cause of this discrepancy is unknown and is the subject of further study. It was 

also reported that NOx emissions from the GD-I combustion system were 

reduced compared to the PFI system.

HC emissions at part load are known to be a particularly critical area of 

development for stratified charge gasoline engines [Lake et a l 1996]. It is 

perhaps significant that Mitsubishi should have released a production GD-I
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engine first in Japan where the legislative HC emissions limits are currently less 

demanding than Europe and the USA. Fraidl et al [1996] reported a 

substantial part load increase in HC emission relative to multipoint PFI 

stoichiometric operation while using late-injection GD-I engines. This increase 

in HC emission was attributed to the short overall mixture preparation time 

causing direct droplet combustion. The application of EGR at part load has 

been variously reported to both increase and decrease HC emissions. 

According to Fraidl, the HC emissions from a late-injected GD-I engine are 

increased substantially by the addition of EGR. However, Jackson et al [1996] 

obtained a 35% reduction in HC emissions in an unthrottled stratified charge 

GD-I engine by the addition of 40% EGR. Although unthrottled operation has 

been shown the most fuel-efficient combustion process, Jackson et a l [1996] 

also proposed a slight throttling of the air supply as a means to control HC 

emissions. It was shown that at 20% EGR, a 20% reduction in HC emissions 

could be achieved with only a 3% fuel consumption penalty.

Stratified-charge engines are known to tolerate large amounts of EGR 

before the onset of combustion instability. This may be explained by the high 

levels of O2 and low levels of CO2 in the recycled exhaust gas, and the rapid 

combustion characteristics of stratified combustion [Jackson et a l 1996]. As a 

consequence of the system’s tolerance to EGR, NOx emissions from a late- 

injected GD-I engine may be reduced by up to 90% when compared to a 

multipoint PFI engine operated stoichiometrically [Kume et a l 1996, Fraidl et 

al 1996]. However, although engine out NOx emissions may be significantly 

reduced compared to the PFI engine, vehicle out NOx levels may be increased 

due to the lack of a suitable lean NOx aftertreatment.

The emissions of particulate matter (PM) from GD-I stratified-charge 

engines are also of concern. Matti Maricq and co-workers [1999] found that 

the particle number emissions in a production GD-I engine were increased by a 

factor of up to 40 going from homogeneous to stratified mode. At present, this 

is of most significance in the United States, where the introduction of a recent 

PM2.5 (particles with an aerodynamic diameter of less than 2.5pm) standard for 

ambient particle concentrations is expected to lead to more stringent controls
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on vehicle PM emissions. However, if U.S. concerns regarding the negative 

health effects associated with increased levels of ambient particulate matter 

were confirmed, the introduction of similar legislation to other automotive 

markets would be inevitable.

1.8 Summary

This chapter has considered the composition and environmental impact 

of exhaust-gas emissions from spark-ignition engines. It was shown that despite 

substantial improvements in new vehicle emissions, increasing vehicle use has 

outweighed many of the recent technological gains in efficiency and cleanliness.

European emissions legislation and existing vehicle emission control 

technologies were reviewed. It was seen that effective reduction of exhaust gas 

pollutants from spark-ignition engines requires a close control of the fuel-air 

mixture, while the reduction of CO2 emissions requires a more efficient use of 

fuel. Conventional fuel metering strategies were found unlikely to meet the 

demands of proposed European emissions standards. In particular, the future 

viability of both the carburettor and single-point fuel injection systems was seen 

to be limited.

Of the presently available combustion systems, GD-I has been proposed 

as the fuelling technology most likely to enable the gasoline engine to meet 

future European fuel consumption and emission targets. In a brief review of 

existing GD-I systems, GD-I engines were shown to possess the potential to 

realise both greater part-load fuel economies than diesel engines and better 

high-load performance than conventional multipoint PFI gasoline engines. 

However, the realisation of this potential was shown to necessitate the 

operation of a mixed (homogeneous/stratified charge) strategy within the 

engine load map. This approach was seen to require a greater understanding 

and control of the in-cylinder fuel distribution and mixing processes than is 

presently available.
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Chapter 2

Diagnostic Techniques for In-Cylinder Studies of Mixture 

Formation in Spark-ignition Engines

A review of contemporary diagnostic techniques for the in-cylinder 

study of mixture formation in spark-ignition engines is presented. Particular 

emphasis is placed upon laser diagnostic techniques for the visualisation and 

quantification of liquid fuel spray and vapour distributions. The advantages and 

limitations of individual techniques are discussed.

2.1 Introduction

The overview of hydrocarbon combustion chemistry presented in the 

previous chapter clearly illustrates the need for close control of the fUel/air 

mixture in a spark-ignition engine. The quality of the mixture formation, and in 

particular the in-cylinder fuel distribution at the time of ignition has been shown 

to affect engine performance, fuel economy, and exhaust gas composition. 

Consequently, the development of new fuelling technologies and the 

improvement of in-cylinder mixture quality are key areas of modem intemal- 

combustion engine research.

The previous chapter also included a brief review of conventional fuel 

metering strategies and introduced the concept of the gasoline direct-injection 

(GD-I) engine. It has been shown that GD-I offers the potential to combine the 

high performance of a conventional port-injected gasoline engine with the fuel 

economy of a diesel engine. However, the realisation of this potential is known 

to require a greater control of the in-cylinder fuel distribution and mixing 

processes than that required by a conventional port-injected engine. Such 

control implies an extensive knowledge and understanding of the fundamental 

in-cylinder mixing processes concerned. The remainder of this chapter will 

consider the range of contemporary diagnostic techniques available for the in- 

cylinder study of mixture formation and their suitability for use in GD-I 

engines.

40



FORMATION IN SPARK-IGNITION ENGINES

2.2 Mie Scattering

The elastic scattering of light from particulate matter, such that the 

relationship d/X «  1 does not hold (where d  is the particle diameter and X the 

incident frequency) is termed Mie scattering [Eckbreth 1996].

Two-dimensional fuel spray imaging using Mie scattering of a laser 

sheet by the spray droplets has been used by several research groups to provide 

a qualitative picture of liquid fuel distribution in the cylinder. Felton [1996] 

highlights the simplicity and versatility of the method. The scattering of the 

incident light is by the fuel droplets themselves; thus, there is no need to add a 

dopant to the fuel and the method is insensitive to the excitation wavelength. 

Furthermore, the Mie scattering signal is sufficiently strong to be captured by 

conventional photographic means. The sensitivity of the method has been well 

proven. In a comparative study of w-heptane fuel-spray plumes (using 

conventional photographic techniques, pulsed laser shadowgraphy, and laser 

Mie scattering), Tishkoff et a l [1982] found droplets that were noted to be 

undetectable with the other two measurement techniques.

Fry and Nightingale [1994], Fansler et a l [1995], and Salters et a l 

[1996] recorded the behaviour of liquid fuel droplets within firing engines using 

a copper-vapour laser (CVL) as the excitation light source. The CVL produces 

short, high energy, pulses (typically 2 -  3 mJ energy, and < 40 ns duration) at 

rates of up to 30,000 pulses per second. The short laser pulse was used to 

freeze droplet motion and the pulse rate synchronised with a high-speed camera 

to produce video or cine-film images covering several cycles.

The Mie scattering technique described above provides a qualitative 

picture of the liquid phase fuel. The vapour phase is not directly imaged. 

Kosaka and Takeyuki [1993] presented a variation of the method providing a 

means to estimate the vapour concentration. The base fuel was seeded with a 

low concentration of silicone oil. When this fuel is injected into a high 

temperature environment the base fuel vaporises, leaving behind small droplets 

of silicone oil suspended in the vapour/gas mixture. Mie scattering theory [Van 

de Hulst 1957] may be used to estimate the vapour concentration from the 

scattering image of the silicone droplets if the droplet diameters are known.
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Mie scattering theory has also been applied to the measurement of fuel droplet 

size within the combustion chamber of motored port-injected engine [Kadota et 

a l 1990]. According to Mie theory, the intensity of the scattered light from a 

single droplet is specific for a given diameter if all other parameters are kept 

constant. However, there are considerable practical difficulties inherent in the 

experimental method and the data was noted to show considerable scatter.

2.3 Rayleigh & Raman Scattering

Rayleigh scattering is the term applied to the elastic scattering of light 

quanta from molecules or small particles such that d/X «  1. The scattered 

signal is not species specific in a spectral sense; hence, whilst Rayleigh 

scattering can be employed for total density measurements it is generally 

unsuitable for individual species measurement. Eckbreth [1996] notes that in 

practical situations Rayleigh diagnostic techniques suffer from Mie interference 

— Mie scattered light is up to 100 times more intense than Rayleigh scattered 

light [Arcoumanis and Enotiadis 1991] — and scattered laser light. Thus, the 

use of Rayleigh diagnostic techniques is limited to very clean, particle-free 

situations.

Despite the acknowledged limitations of the method, laser-induced 

Rayleigh scattering has been used to study in-cylinder mixing processes and 

gaseous fuel concentrations. Kadota [1987] used Rayleigh scattering to 

measure the local vapour concentration of Freon-12 in a transparent cylinder 

under simulated (steady-flow) engine intake conditions. Point measurements 

were made throughout the cylinder and concentration contour maps assembled 

from the time averaged results. Arcoumanis and Enotiadis [1991] used a similar 

technique to quantify the in-cylinder fuel distribution in a motored port-injected 

model engine. Fuel was simulated by gaseous Freon-12 and the engine motored 

at a speed of 200 rpm. Spatial variations of the order of one air/fuel ratio were 

identified at realistic mixture strengths. More recently, Zhao et a l [1993] have 

performed two-dimensional measurements of in-cylinder vapour concentration 

by a laser-sheet-induced Rayleigh scattering technique. A propane fuelled spark 

ignition engine was motored at 200 rpm and the scattered light from a 

Nd:YAG laser collected by a gated, intensified CCD camera.
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The use of propane (and in earlier works, gaseous Freon-12) to 

simulate the fuelling of a spark-ignition engine highlight the limitations of the 

method. A large Rayleigh scattering cross section is required in order to ensure 

an acceptable signal-to-noise ratio. Although this is achieved through the use of 

propane and Freon-12, the resulting vapour distribution has not been proven to 

be representative of a gasoline fuel.

In contrast to Mie and Rayleigh scattering, Raman scattering is an 

inelastic process; an energy exchange occurs between the incident light quanta 

and the molecules. As a result of this energy exchange a proportion of the 

incident light is scattered at a frequency shifted from the exciting wavelength. 

The shifted signal is known as Raman scattering. The signal is species specific 

and linearly proportional to species number density [Eckbreth 1996]. 

Unfortunately, Raman scattering is a weak process; hence, practical 

applications are limited by noise levels and the sensitivity of the collection 

optics.

Although difficult to implement, Raman scattering techniques have been 

applied to in-cylinder studies of fuel distribution. Scheid et a l [1986] made 

single-shot Raman tests of local fuel-air ratio within an n-heptane fuelled 

compression-ignition engine. The results were noted to suffer from 

considerable background noise resulting from the poor stray-light rejection of 

the optical system and the laser-induced fluorescence of the fuel. Furthermore, 

the limited resolution of the collection optics was found to prevent the 

discrimination between liquid and vapour phase fuel. Earlier, Johnston et a l 

[1979] had used Raman scattering to determine ensemble-averaged fuel-air 

equivalence ratios at discrete points within the cylinder of a motored direct- 

injection stratified-charge (DISC) engine. Propane fuel -  used due to its large 

scattering cross-section -  was injected every third compression stroke. 

Although mean fuel-air equivalence ratios at given crank angles were 

established, it was not found possible to obtain accurate measurements within a 

single cycle while maintaining adequate crank-angle resolution.

2.4 Infrared Extinction

The absorption of infrared laser light by hydrocarbon (HC) molecules
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has been used to provide semi-quantitative measurements of HC fuel vapour 

concentrations in two-phase flows. The measurement technique, described in 

detail by Billings and Drallmeier [1994], uses two collimated laser beams (one 

visible, one infrared) projected along the same optical path through the 

liquid/vapour mixture. The beam strength is measured on opposite sides of the 

flow. The visible beam is attenuated only by the droplets while the infrared 

beam is attenuated by both the droplets and hydrocarbon vapour. The 

attenuation of the infrared beam by the droplets can be calculated from the 

measured attenuation of the visible beam using Mie theory and the associated 

droplet-size distribution. This is subtracted from the total attenuation of the 

infrared beam to allow the calculation of the vapour phase concentration.

Charplyvy [1981] and Tishkoff et al. [1982] applied the technique to 

measure the vapour concentration inside an ^-heptane fuel spray. It was noted 

that in order to justify the use of Mie scattering calculations the droplets must 

be assumed spherical. Furthermore, since the technique requires a measured 

droplet-size distribution its use is limited to moderately dense sprays. An 

alternative method of evaluating the droplet extinction of the infrared beam has 

been presented by Adachi et al. [1991] that avoids the use of Mie theory. The 

light scattered by the droplets is deduced by measuring the extinction of two 

wavelengths about the probe wavelength at which no absorption occurs. In 

both cases, the calculation of vapour concentration from the vapour phase 

absorption requires the assumption of a uniformly distributed vapour field.

Winklhofer et a l [1992] extended the use of the infrared extinction 

method to the observation of gasoline fuel distribution in an optically-accessed 

single-cylinder research engine. Extinction levels in the motored engine were 

measured with respect to fuel-air equivalence ratios under controlled conditions 

(complete vaporisation and homogeneous distribution of fuel were assumed) to 

yield a set of calibration curves. The calibration figures were applied to 

subsequent motored test results to provide semi-quantitative data about the 

temporal development of in-cylinder vapour concentration. Winklhofer’s 

application of the method to in-cylinder measurement exposed practical 

problems not previously experienced by either Tishkoff or Charplyvy. 

Additional laser extinction due to wall fuel films (which cause ambiguity in the
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analytical discrimination of liquid and vapour phase fuel) and window fouling 

were both encountered.

Billings and Drallmeier [1994] conclude that the accuracy of the 

infrared extinction technique is quite insensitive to the physical properties (size 

distribution, refractive index) of the particles, provided that the particles are 

much larger than the wavelength of the incident light. However, considerations 

must be made before applying the infrared extinction technique to an 

evaporating spray or the spray of a multicomponent fuel. Specifically, in the 

later stages of evaporation the assumption that the droplet sizes are much 

greater than the exciting wavelength does not hold; while, for a 

multicomponent fuel the individual components that make up the blend may 

have differing vapour absorption coefficients.

2.5 Laser Schlieren Photography and Shadowgraphy

Schlieren photography (a method originally developed for observing 

shock waves in supersonic flows) has been applied to the study of in-cylinder 

flow processes and fuel distribution. A collimated beam of light is passed 

through the flow field, brought to focus on a knife-edge, and recorded by a 

conventional imaging system. Density gradients within the flow produce 

changes in the local index of refraction resulting in the deflection of the parallel 

beam; thus, depending on the sign of the density gradient, more or less light is 

intercepted by the knife-edge. Corresponding parts of the recorded image of 

the flow are therefore darker or brighter in direct proportion to the density 

gradient [Massey 1989].

Namazian et al. [1980] applied the technique to obtain a qualitative 

representation of the in-cylinder flow and density fields through the engine 

cycle. An existing single-cylinder engine was modified to accept a transparent 

square cross-section “cylinder” assembly: The engine was run on a premixed 

propane-air mixture. Short time-exposure photographs and high-speed movies 

were taken of the flow within the firing engine. More recently, the schlieren 

technique has been applied to measurement of local average gas-phase fuel 

concentrations in evaporating propane sprays [Paulsen and Valland 1996]. 

However, the practical application of Paulsen and Valland’s technique is
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limited to the investigation of fuel sprays in quiescent chambers. In a two- 

component gas mixture, the index of light refraction depends on both density 

and concentration; therefore, a good estimate of concentration cannot be made 

unless the density can be considered constant throughout the test section. The 

in-cylinder density gradients typically found within a fired or motored engine 

preclude the use of the technique under realistic conditions.

The shadowgraph is a simplification of the schlieren technique; the basic 

principle (that local change of density within fluid produces a proportional 

change of refractive index) is unchanged. However, in contrast to the schlieren 

system, the light beam is not refocused after passing through the flow field but 

is collected directly by the imaging system. Holman [1994] highlights the major 

limitation of the technique; the method depends on the relative deflection of the 

rays and therefore on the second derivative of the fluid density. Thus, the 

shadowgraph technique is best suited to study sharp rather than gradual 

changes in density. Tishkoff et al. [1982] have shown that in an evaporating 

spray this may lead to a loss of resolution in comparison to other techniques 

(Mie scattering).

2.6 Fast-Response Flame Ionisation Detector

In-cylinder HC measurements using fast-response flame ionisation 

detector (FFID) probes have been used by several research groups to provide a 

semi-quantitative picture of mixture preparation and charge stratification. A gas 

sample is taken from the cylinder and burned in the presence of an electric field. 

The combustion of HC atoms produces a current flow corresponding to the 

number of carbon atoms burned; thus, the instrument reading is proportional to 

the mass flow rate of hydrocarbons in the sample. While the instrument actually 

measures fuel concentration at a point, its results can be indicative of global 

mixture behaviour [Crawford and Wallace 1996].

Sleightholme [1990] used a FFID to study charge homogeneity in a 

single-cylinder research engine. Gas samples were taken from within the 

combustion chamber via an auxiliary spark plug port. Meyer and Thring [1995] 

used two FFID probes mounted in a specially adapted spark plug to determine 

the degree of stratification and vaporisation existing in the mixture near the
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spark plug at ignition. Similarly, Queenan et a l [1996] used a simultaneous 

two-probe technique to estimate the degree of charge stratification achieved by 

means of a novel injection strategy.

There are a number of practical problems associated with direct in

cylinder sampling using FFID probes. One of the major difficulties is 

establishing the transit time of the instrument. The transit time is a function of 

engine pressure and therefore variable throughout the engine cycle. Validated 

steady state and quasi-steady state flow models exist; however, considerable 

care is required to match the probe geometry and flow model [Summers and 

Collings 1995]. In addition, it should be noted that the instrument responds to 

both the mass flow rate and HC concentration; hence, in order to obtain valid 

HC measurements a constant sample mass-flow-rate must be maintained. A 

constant pressure differential between the flame ionisation chamber and sample 

line is therefore required. In practice, it is very difficult to maintain the pressure 

differential constant due to the vast fluctuations in engine cylinder gas pressure 

[Ladommatos and Rose 1995], although Crawford and Wallace [1996] found 

the FFID to be relatively pressure independent.

Crawford and Wallace also found that the accuracy of FFID results 

might be affected by the positioning of the sample tube in the cylinder. The 

output voltage of the FFID can only be considered representative of the HC 

concentration if it reaches a stable plateau. Sampling very close to the spark 

plug may not allow the signal maximum to be reached. Conventionally, the in

cylinder application of the FFID technique is limited to locations within the 

clearance volume. However, Queenan et al. [1997] have developed a through- 

the-piston sampling technique that permits HC measurements to be made 

throughout the whole cylinder volume using a standard FFID probe. An 

extended piston and cylinder block, similar in design to those used in a 

conventional optically-accessed engine, are required.

2.7 Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) images of fuel spray and vapour 

distributions within spark-ignition engines have been widely reported [Felton et 

al 1993, Berckmuller et al 1994, Fansler et a l 1995, Reboux et a l 1996].
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However, although the basic physics of the method are common to all works, 

the reported experimental techniques differ significantly; hence, LIF is best 

regarded as a single methodology encompassing a family of related 

measurement techniques.

In general terms, LIF is a photon absorption process, followed after 

some finite period by spontaneous emission (fluorescence) from an excited 

state [Eckbreth 1996]. Absorption processes are noted for their strength in 

comparison to Raman effects; consequently, the sensitivity of LIF methodology 

is significantly higher than comparable Raman based methods. Detection levels 

of ppm or even sub-ppm have been claimed [Eckbreth 1996]. The use of a laser 

light source allows selective excitation (in a spectral sense) of molecules with 

high levels of spatial and temporal resolution. The method may therefore be 

targeted at a specific molecular species. The laser is tuned (or selected) so that 

its wavelength corresponds to a known absorption band of the target species. 

Photon absorption from the laser beam raises the energy level of the target 

species alone. The resulting fluorescence emission (which is usually Stokes 

shifted from the excitation wavelength) is therefore proportional to the target 

species concentration.

While qualitative fluorescence images are relatively simply obtained by 

the LIF methodology, the quantitative measurement of species concentration is 

more complex requiring detailed knowledge of local conditions and quenching 

processes. These quenching process include energy transfer to another 

molecule (collisional quenching), vibrational relaxation, dissociation, ionisation, 

and chemical reaction. By far the most significant of these processes (as 

regards the application of LIF to in-cylinder studies) is that of collisional 

quenching. Neij et a l [1994] comment on the difficulty of quantifying the 

collisional quenching process as it depends on the surrounding temperature, the 

density of all the collisional partners and their collisional cross-sections. 

Consequently, several LIF strategies designed to minimise or avoid the 

necessity of quenching corrections have been proposed.

The theory of the predissociative LIF is described in detail by Andresen 

et a l [1990]. The target species is excited to predissociating state such that the 

rate of predissociation is much greater than both the quenching rate and the
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rate of spontaneous emission. Assuming that the predissociative states are so 

short-lived that they do not suffer from collisional quenching, it can be shown 

that fluorescence intensity, species density and temperature are independent of 

quenching effects. However, the method requires a high power laser source 

and suffers from low fluorescence efficiencies; furthermore, at higher pressures, 

collisional quenching effects may no longer be assumed negligible [Eckbreth 

1996]. In saturation LIF, the level of laser irradiance is greatly increased 

beyond the saturation threshold, causing the fluorescence signal to become 

independent of both laser irradiance and quenching effects. In addition, the 

fluorescence signal (and hence the species detectivity) is maximised. In 

practice, however, saturation may not be achieved in the outer edges of the 

focused beam or during the entire duration of the laser pulse [Eckbreth 1996].

With the exception of the aforementioned techniques, LIF is usually 

applied in the linear regime, i.e. the fluorescence intensity is linearly 

proportional to the input laser irradiance. In this form, it is accepted that 

quenching effects are unavoidable, though these may be minimised by careful 

experimental design. In the case of seeded LIF experiments, the target species 

may be chosen specifically for its relative insensitivity to quenching. The 

remaining discussion of LIF techniques assumes a linear fluorescence regime 

unless otherwise stated. Conventionally, the application of the LIF 

methodology to in-cylinder mixture studies has been to obtain two-dimensional 

fluorescence images of fuel distribution. Planar laser-induced fluorescence 

(PLIF) uses a single laser beam, which is formed into a sheet by a combination 

of spherical and cylindrical lenses. Felton [1996] identifies three strategies for 

PLIF imaging: natural florescence from the fuel, fluorescence from a molecular 

dopant, and fluorescence from exciplex forming dopants.

Qualitative pictures of in-cylinder fuel distributions (both liquid and 

vapour) have been obtained by several researchers using the natural 

fluorescence of the particular fuel employed. Fluorescence has been 

consistently reported from numerous commercial-grade gasolines and diesel 

fuels when excited with ultraviolet (UV) light [Itoh et a l 1995]. The 

fluorescence from an unknown constituent (or constituents) of a commercial- 

grade unleaded gasoline has been used by Fansler at a l [1995] to study fuel
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distribution within a firing direct-injection spark-ignition engine. Since the fuel 

PLIF technique is insensitive to fiiel phase, Fansler used complementary Mie 

scattering images to determine the presence of liquid fuel within the cylinder. 

Arnold et a l [1992] applied the same technique (using diesel fuel) to examine 

the fuel distribution within a compression-ignition engine.

The work of Fansler et a l [1995] clearly highlights the advantages and 

disadvantages of the fuel PLIF approach. As a commercial gasoline fuel is 

used, the engine may be run under realistic operating conditions; significantly, 

there is no question of the in-cylinder fuel distribution being unrepresentative of 

a real fuel. However, since the fluorescing component(s) of the fuel are 

unknown, the PLIF image is not necessarily representative of the true fuel 

distribution. In fact, there is evidence to suggest that the fluorescence observed 

from a typical commercial gasoline is due to low volatility components 

representing less than 2% of the volume fraction of the blend [Witze 1999]. A 

further drawback in the use of gasoline as a fluorescence tracer is its high UV 

absorption efficiency. The resulting attenuation of the excitation signal as it 

crosses the test section may preclude the generation of a consistent fluorescent 

image. In response to the problem of laser attenuation, Itoh et a l [1995] have 

developed a new compound fuel (with a lower absorption efficiency than that 

of commercial gasoline) specifically for use in fuel PLIF studies. The distillation 

curve and fluorescence intensity of the new fuel is similar to that of gasoline. 

Qualitative fuel PLIF using the new fuel has been demonstrated in the 

compression stroke of a firing spark-ignition engine.

An alternative approach to in-cylinder PLIF studies is to use the 

fluorescence from a molecular tracer (in an optically transparent base fuel) to 

provide qualitative and semi-quantitative images of fuel vapour concentration. 

The basic technique has been successfully demonstrated by a number of 

research groups [Baritaud and Heinze 1992, Wolff et al. 1994, Meyers et al. 

1994, Berckmiiller et a l 1994] in both fired and motored studies. Much of the 

success of the technique is dependent on the choice of molecular tracer. 

Baritaud and Heinze [1992] detail the requirements for a suitable dopant 

molecule. The tracer must absorb at the available laser wavelength, fluoresce at 

sufficiently high yield and have sufficient Stokes shift (relative to the excitation
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wavelength) to enable the separation of the fluorescence signal from stray laser 

light. Furthermore, the tracer should co-evaporate with the fuel and be 

insensitive to collisional quenching by oxygen.

Interest in the molecular tracer approach to PLIF has resulted in 

considerable resources being applied to the identification suitable fluorescence 

tracers for use in firing engines. Although aromatic compounds have been used 

as fluorescence tracers [Itoh et a l 1995], they are usually strongly quenched by 

oxygen; consequently, the majority of recent research works have focused on 

carbonyl compounds [Felton 1996]. The photophysical behaviour of the ketone 

and aldehyde groups at low pressures have been well established for some time 

[Hansen and Lee 1975a, 1975b]. However, contemporary studies have been 

aimed at determining the temperature and pressure dependencies of specific 

carbonyl compounds with particular reference to their use as PLIF tracers 

[Lozano et al. 1992, Lawrenz et al. 1992, Ghandhi and Felton 1996, 

Grossmann et a l 1996].

Wolff et a l [1994] produced qualitative and semi-qualitative PLIF 

images of the fuel distribution in a firing engine using acetone (2-propanone) as 

a molecular tracer in iso-octane fuel. A broadband XeCl excimer laser centred 

at 308 nm was used to stimulate the acetone fluorescence. Neij et a l [1994] 

performed similar PLIF investigations in a fired engine using a 2% 

concentration of diethyl ketone (3-pentanone) in iso-octane fuel excited by a 

KrF excimer laser. Mean fuel equivalence ratios near the spark plug (at the time 

of ignition) were calculated from the PLIF images. From the results, Neij was 

able to show a clear correlation between the mean fuel concentration around 

the spark plug gap and cyclic variability of the combustion process. Semi- 

quantitative fuel distribution measurements in fired engines by PLIF of diethyl 

ketone (3-pentanone) added to /so-octane as a fluorescence tracer have also 

been reported by Berckmuller et a l [1994] and Ghandhi and Bracco [1996].

Lawrenz et a l [1992] studied the effects of pressure on the 

fluorescence emissions of various tracers drawn primarily from the ketone and 

aldehyde groups. The emissions o f biacetyl (2,3-butanedione) were also 

investigated in the same work. The photochemistry of biacetyl vapour was first 

studied in detail by Okabe and Noyes [1957]. Since then, the use of biacetyl as
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a PLIF tracer has been widely reported, with both the phosphorescence and 

fluorescence being exploited [Lozano et a l 1992]. Semi-quantitative images of 

in-cylinder fuel distributions have been reported using biacetyl fluorescence 

under both, motored [Baritaud and Heinze 1992], and fired [Deschamps et al.

1994] engine conditions.

While the majority of seeded PLIF studies have used dopant molecules 

selected from the aldehyde, ketone, or diketone chemical groups, alternative 

tracers (and strategies) have been proposed. Meyers et a l [1994] studied in

cylinder charge homogeneity using PLIF images of fluoranthene while Reboux 

et a l [1996] demonstrated a variation of the PLIF technique that utilises the 

quenching effect in the compression stroke to quantify the local fuel-air ratio. 

The dopant molecule (toluene) is specially selected such that oxygen is its main 

collision partner. This being the case, it is claimed that (at high pressure) the 

quenching rate is proportional to the oxygen concentration.

The major drawback in the seeded PLIF approach is that the fuel is not 

imaged directly. In fact, seeded PLIF images record the distribution of the 

fluorescent tracer that has been added to the fuel. Whereas a commercial 

gasoline may consist of several hundred components, each of which may have 

different physical and chemical properties, a tracer consists of a single 

substance with a unique boiling point and molecular weight. The implication is 

that the tracer may only truly represent a single component of gasoline; 

however, in contrast to the fuel LIF technique the volatility o f the fluorescent 

component of the fuel is known. The choice of tracer may significantly affect 

the observed fuel distribution. Swindal et a l [1995] studied in-cylinder charge 

homogeneity during cold-start using a range of fluorescent tracers in zso-octane 

to simulate different fuel distillation temperatures. Fractional distillation of 

droplets (leading to in-cylinder species inhomogeneity) was observed, leading 

Swindal to conclude that it is extremely difficult to deduce an accurate overall 

air/fuel ratio with a single fluorescent tracer.

A further problem in seeded PLIF studies lies in the need for an 

optically transparent base fuel at the excitation wavelength. The proven tracers 

(drawn from the ketone, aldehyde, and diketone groups) all absorb light in the 

UV range. Commercial-grade gasoline is known to be strongly absorptive in
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this region [Itoh et a l 1995] and is therefore unsuitable as a base fuel. 

Typically, iso-octane fuel has been used. Although Andresen et a l [1990] 

reported broadband fluorescence emissions that they attributed to iso-octane, 

pure iso-octane does not fluoresce when excited by UV light [Felton 1996]. 

However, since iso-octane and gasoline have markedly different distillation 

curves, it may be argued that the iso-octane fuel distribution will be 

unrepresentative of a commercial gasoline. Consequently, seeded PLIF images 

of fuel concentrations obtained using iso-octane (as a carrier for a co- 

evaporating molecular tracer) may be held to be similarly unrepresentative.

Exciplex (excited state complex) fluorescence was originally proposed 

by Melton and Verdieck [1984] for vapour/liquid visualisation in fuel sprays. A 

fluorescent molecule (the monomer, M) and a second exciplex-forming 

molecule (the quencher, G) are added to the fuel. In the excited state the 

monomer and quencher react to form a second emitting species (M-G)* whose 

emission is red-shifted with respect to the monomer fluorescence. The relative 

concentrations of the monomer and quencher in the fuel mixture may be 

adjusted so that the exciplex fluorescence dominates the liquid phase emission 

and the monomer emission the vapour phase emission. The liquid and vapour 

fluorescence emissions may be viewed separately using appropriate filters 

allowing semi-quantitative interpretation of the fuel concentration in each 

phase. Melton and Verdieck demonstrated their technique in an evaporating 

hexadecane fuel spray using a naphthalene/tetramethyl p-phenylene diamine 

(TMPD) exciplex system.

Although the naphthalene/TMPD exciplex system was originally 

conceived for the investigation of diesel sprays, the system has since been 

applied to studies of fuel distributions in spark-ignition engines [Bardsley et al 

1989, Felton et a l 1993, Knapp et a l 1996]. However, the vapour-phase 

fluorescence of the system is heavily quenched by oxygen (particularly at high 

pressures) and therefore PLIF investigations with the naphthalene/TMPD 

system are limited to motored conditions in a nitrogen atmosphere. Such is the 

severity of the quenching effect that Bardsley et a l [1989] reported that 

fluorescence intensity was reduced by a factor of fifty when using air instead of 

nitrogen. Furthermore, vapour-phase concentration measurements are
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complicated by the effect of temperature on the photophysics of the system. 

Felton et a l [1993] concluded that quantitative fuel distribution measurements 

at temperatures above 500K are only possible if local gas temperature is 

known.

Melton [1993] proposed an alternative exciplex system with properties 

more suitably matched to gasoline: Fluorobenzene and dimethyl-methyl-amine 

(DEMA) dopants in a solution of hexane. However, fluorobenzene 

fluorescence is also heavily influenced by temperature and strongly quenched 

by oxygen. Consequently, PLIF studies using the fluorobenzene/DEMA system 

are subject to the same practical restrictions as those using naphthalene and 

TMPD dopants.

2.8 Other In-Cylinder Diagnostic Techniques

Coherent anti-stokes Raman spectroscopy (CARS) was developed in 

the mid-seventies in response to the practical difficulties o f applying the 

conventional Raman scattering technique to highly luminous, particle-laden 

flames [Eckbreth 1996]. The technique is regularly applied in the field of 

combustion diagnostics and is well suited to in-cylinder thermometry and major 

species concentration measurements. Two laser beams of differing frequencies 

are mixed to generate a third coherent (CARS) beam; the third beam arises 

through a non-linear interaction with gas molecules at the measurement point. 

The non-linear process is both density and temperature dependent thereby 

providing the basis of the measurement technique: Temperature information 

may be derived from spectral shapes while concentration measurements are 

based upon signal strength.

The CARS technique produces a signal that is stronger (by several 

orders of magnitude) than that produced by conventional Raman scattering. 

Since the signal is emitted as a coherent beam (thus allowing complete signal 

collection), the signal / noise ratio of the Raman process is greatly improved. 

However, the spectral results are more complex and in practice the method is 

costly and difficult to implement. Williams and Gover [1991] applied 

simultaneous CARS measurements of HC and O2 levels in the unbumed gas to 

produce quantitative results of local air-fuel ratio (AFR) close to the spark plug
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of a firing engine.

Degenerate four-wave mixing (DFWM) is a coherent non-linear 

diagnostic technique similar in many ways to CARS. In DFWM, three input 

beams are mixed to generate (through the same non-linear process as CARS) a 

fourth (signal) beam. However, in contrast to the CARS procedure, the input 

and signal beams of the DFWM technique are of the same frequency. Thus, the 

use of DFWM only requires a single tuneable laser as opposed to the two or r~)

even three required for CARS. Eckbreth [1996] reports that DFWM is more ^

easily phase-matched than CARS, affords much greater experimental 

versatility, and is more readily applied to two-dimensional imaging. However, 

the temperature and pressure dependencies of the technique are not yet fully 

established and, to date, no in-cylinder measurements of fuel-air mixtures using 

the DFWM method have been reported.

2.9 Ancillary Measurement Techniques

Although not strictly methods for the direct study of mixture formation, 

the accurate measurement of in-cylinder pressure and charge temperature are 

often prerequisite to the application of more complex measurement techniques.

For example, the quantification of raw LIF images requires that corrections be 

made to account for local values of cylinder pressure and temperature at the 

corresponding crank angle. Moreover, cylinder pressure histories in particular 

provide useful information as to the performance effects of mixture 

preparation; power output, efficiency, cycle-to-cycle variation, abnormal 

combustion, and approximate mass burning rates may all be calculated from a 

suitable cylinder pressure trace [Amann 1985].

Cylinder pressure is usually measured with a piezoelectric pressure 

transducer mounted in the cylinder head. The operating principles and 

characteristics of piezoelectric devices are discussed in detail by Doebelin 

[1990]. With regard to its application to the measurement of cylinder pressure, 

the major shortcoming of the piezoelectric sensor is that it measures changes in 

pressure rather than absolute pressure. In order to translate the sensor signal 

into an absolute pressure reading an accurate base pressure must be 

established. It is usual to assume that the cylinder pressure is equal to the mean
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intake-manifold pressure at bottom dead centre (BDC) on the compression 

stroke. However, Amann [1985] states that this approach may lead to errors in 

absolute pressure of up to 10 kPa and, in cases where greater accuracy is 

required, recommends the use of a strain-gauge pressure transducer.

In contrast to the ease and accuracy with which cylinder pressure data 

may be obtained using commercial sensors, the measurement of time-resolved 

charge temperature presents a considerable technical challenge. Indeed, the 

level of difficulty is such that the majority of researchers have chosen to 

calculate charge temperature where possible from recorded cylinder pressure 

data. Nevertheless, direct in-cylinder temperature measurements have been 

reported using both CARS [Lucht et a l  1987, Williams et al. 1988, Bradley et 

al 1994] and PLIF [Seitzman et a l 1994, Grossmann et al 1994] techniques.

2.10 Summary

This chapter has presented a review of the principal diagnostic 

techniques available for the study of in-cylinder mixture formation. The 

suitability of individual visualisation techniques for use in two-phase flow 

regimes is considered in detail. It has been shown that the presence of liquid 

fuel droplets precludes the use of several, otherwise proven, in-cylinder 

visualisation and measurement techniques. In particular, the practical 

applications of Rayleigh and Raman scattering methods are limited by Mie 

interference from liquid-phase fiiel, while FFID sampling techniques are 

necessarily restricted to vapour-phase fuel.

Other promising visualisation techniques have also been found 

incompatible with the in-cylinder conditions of a firing GD-I engine. The 

density of the initial fuel spray and the evaporative nature of the fuel effectively 

preclude the use of the infrared extinction technique. Laser schlieren 

photography is best suited to the study of sprays in quiescent chambers, while 

laser-induced exciplex fluorescence (using existing exciplex systems) is not 

applicable to firing engines. Of the remaining diagnostic techniques, CARS and 

DFWM are complex and difficult to implement, laser shadowgraphy has been 

shown to be imprecise, and the application of Mie scattering is limited to 

liquid-phase visualisation.
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The planar laser-induced fluorescence of a molecular dopant has been 

shown a practical solution to the problem of vapour-phase fuel visualisation. 

Furthermore, it has been shown that the resulting two-dimensional fluorescence 

images might be calibrated to give local values of fuel/air equivalence ratios. 

Accordingly, a combination of the seeded PLIF technique (for vapour-phase 

imaging) and the planar laser Mie-scattering technique (for liquid-phase 

imaging) is considered to represent the most promising available method for 

the investigation of two-phase fuel distributions within a firing GD-I engine. 

Planar laser Mie-scattering is a well-established, and relatively simple, 

technique; PLIF, however, is less well known and is considerably more 

complex. Therefore, it is recommended that the PLIF technique be subject to 

further study.
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Chapter 3

Planar Laser-Induced Fluorescence (PLIF) Fuel Visualisation 

Strategies for Gasoline Direct-Injection Engines

The use of PLIF from a molecular tracer to visualise and quantify in

cylinder fuel distribution is discussed. Particular reference is made to its 

suitability for use in a firing gasoline direct-injection (GD-I) engine. The 

photophysical properties of three potential molecular dopants (2-propanone, 3- 

pentanone, and 2,3-butanedione) are compared in detail, as are alternative 

strategies for the calibration of PLIF images.

3.1 Introduction

The review of diagnostic techniques presented in the previous chapter 

clearly illustrates the difficulty of obtaining reliable measurements of in-cylinder 

mixture distribution. The GD-I engine presents a particular problem in this 

regard. The injection of liquid fuel directly into the cylinder inevitably results in 

a two-phase fuel distribution for much of the induction and compression 

strokes. Many of the conventional measurement techniques are either unable to 

distinguish between phases, or unsuitable for use in the presence of liquid fuel 

droplets. Felton [1996] proposes the use of the seeded PLIF method combined 

with simultaneous Mie scattering images as a suitable method by which 

qualitative and semi-quantitative pictures of fuel concentration within a firing 

GD-I engine may be obtained.

To date, the reported use of PLIF imaging in firing GD-I engines has 

been limited, perhaps in part, by the difficulty of fuel phase discrimination. 

Fansler et a l [1995] used the PLIF signal from a commercial-grade unleaded 

gasoline to obtain temporally resolved two-dimensional images of fuel mixture 

development in a firing direct-injection stratified charge (DISC) engine. The 

presence of liquid fuel was assessed from complementary — not simultaneous 

— Mie scattering images. Ghandhi and Bracco [1996] produced fuel 

concentration measurements in a single cylinder direct-injection engine using 

the seeded PLIF approach. Fluorescence images of diethyl ketone (3-
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pentanone) tracer in /so-octane fuel were taken in the spark plug gap just prior 

to ignition. The quantity of liquid-phase fuel in the measurement volume was 

assumed negligible.

It is clear that successful application of the seeded PLIF technique to a 

two-phase flow requires a detailed knowledge of the practicalities and 

limitations of the LIF technique. Moreover, the selection of a fluorescent tracer 

is crucial to the success of the experiments.

3.2 Basic Principles of the LIF Technique

The basic principles of LIF are well understood and detailed reviews of 

the technique (including much of the background theoretical physics) are 

available from Greenhalgh [1994] and Eckbreth [1996]. However, for the 

purposes of this discussion this level of detail is unnecessary. The basic 

concepts of the technique can be shown by reference to a simple two-state 

model as illustrated in Figure 3.1.

Si Excited 
State 
Levels

VR

SE

So Ground 
State 
Levels

Figure 3.1: Two-state energy level diagram; S0: ground state; Si: excited state; A: 

absorption; SE: stimulated emission; Q: quenching; F: fluorescence (spontaneous emission); 

VR: vibrational relaxation; PI: photoionization; D: dissociation
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The excited state (Si), and ground state (So) are each represented by a 

system of discrete vibrational levels. In a process known as stimulated 

absorption, molecules from the ground state (at level 0 ) are pumped to the 

excited state (at level 1) by laser irradiance at a suitable wavelength. Some of 

these excited molecules then return to the ground state by the spontaneous 

emission of a photon; a process known as fluorescence. It should be noted that 

fluorescence need not occur directly from the pumped level, but that the 

molecules may relax to a lower vibrational level prior to photon emission. 

However, fluorescence is only one of several competing energy loss processes 

available to the excited molecules.

In addition to the absorption process, the laser excitation may stimulate 

a relaxation of some excited state molecules to the ground state. This is known 

as stimulated emission. Alternatively, an excited molecule may dissociate prior 

to the emission of a photon or, (if the laser irradiation is sufficiently high) it 

may become ionised. These processes are known as predissociation and 

photoionization respectively. Collisions with molecules from the surrounding 

molecular bath may also cause a (radiationless) energy loss from the excited 

state. Historically, it is this final process (known as collisional quenching) that 

has limited the accuracy of quantitative measurements using the LIF technique 

[Eckbreth 1996].

3.3 Pressure and Temperature Effects

In order to obtain precise quantitative information about species density 

from raw PLIF images, the measured fluorescence intensity must be corrected 

for quenching effects. However, the rate of collisional quenching is dependent 

on the species of interest and its available collision partners. Therefore, 

accurate quenching correction requires knowledge of the local gas 

composition, the partial pressures of all species present, and the individual 

quenching rates between the species of interest and all other species present in 

the molecular bath. In addition to this, quenching rates between the species of 

interest and the other bath gases are often temperature dependent. The 

collisional quenching rate is therefore a complex function of local gas 

composition, pressure, and temperature.
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Because of the complexity o f the quenching phenomenon, and the large 

variations of temperature and pressure throughout the cycle, the correction of 

in-cylinder PLIF images for quenching effects is particularly problematic. 

However, the effects o f quenching may be minimised using the seeded PLIF 

technique and an appropriate molecular dopant.

3.4 Fuels for Seeded PLIF Experiments

The review of the seeded PLIF method in the previous chapter 

highlighted the need for an optically transparent base fuel at the excitation 

wavelength. Since gasoline strongly absorbs light in the UV region, it is 

unsuitable for use as a carrier for the established molecular dopants. Typically, 

a reference fuel such as /50-octane, or rc-heptane, which does not significantly 

absorb UV light, is used. However, subject to the experimental conditions, 

replacing a multicomponent fuel such as gasoline with a single component fuel 

could seriously affect the validity o f the results.

In the particular case o f the GD-I engine, it is to be expected that the 

temporal development o f the vapour distribution will be strongly influenced by 

the evaporation characteristics of the fuel. A single component fuel has a 

unique boiling point; thus, droplet evaporation is a relatively simple process. In 

contrast, the evaporation of a multicomponent fuel is a complex phenomenon. 

Individual components cannot gasify unless they are exposed to the droplet 

surface. Exposure may be achieved passively, through surface regression, or 

actively, through diffusion or internal circulation.

Law [1982] suggested two regimes by which a multicomponent droplet 

might vaporise. During rapid vaporisation, the rate of surface regression is one 

or two orders of magnitude greater than the rate of liquid-phase mass diffusion. 

Under this situation, the core composition o f the droplet is essentially frozen 

and components of differing volatilities gasify at similar rates. This is known as 

‘diffusion-limited’ vaporisation. On the other hand, during slow vaporisation 

and/or in the presence o f internal circulation, the rate o f liquid-phase mass 

transport to the droplet surface is increased. In this case, the lighter 

components vaporise preferentially, leaving a progressively smaller droplet 

containing an increasing percentage of heavier components. This is known as
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‘batch’ or ‘fractional’ distillation.

In relation to a direct-injection gasoline engine, it is reasonable to 

expect that fuel vaporisation rates will be governed by the ambient in-cylinder 

conditions. For airborne droplets, it is believed that during cold conditions and 

for much of the intake stroke the fuel evaporation will be in the ‘batch’ 

distillation regime. However, in warm operation, and especially during the later 

stages of the compression stroke, the evaporation behaviour is likely to be at 

least partly diffusion-limited [Swindal et al. 1995, Skippon and Tagaki 1996]. 

For droplets impinging on the piston crown or cylinder walls, surface 

temperature will clearly be the dominating factor. Thus, during cold-start and 

warm-up it is believed that wall-film evaporation will occur in the batch- 

distillation regime, while during normal operation diffusion-limited evaporation 

will dominate. Accordingly, the in-cylinder distribution of a full boiling range 

gasoline and a single component fuel should reasonably be expected to differ 

significantly during cold-start and warm-up. However, in a fully warm engine 

these differences are likely to be less pronounced. Under these conditions, the 

use of a single component fuel to model the behaviour of gasoline may be 

justified.

A commercial gasoline is a complex blend of hydrocarbons whose 

individual boiling points typically range from room temperature to 200°C. By 

convention, a blend’s distillation properties are described by the temperatures, 

Tio, T5o, and T90 — which are respectively the temperatures at which 1 0 %, 

50%, and 90% of the fuel is distilled. Figure 3.2, overleaf, illustrates the 

distillation curve of a typical premium grade gasoline [Ferguson 1985]. The 

Tio, T5o, and T90 values of the blend are 48, 1 0 0 , and 168 °C respectively.

The evaporation characteristics of a commercial gasoline were studied 

by Skippon and Takagi [1996] who used three different hydrocarbon fuels to 

approximate the behaviour of the full boiling range blend. Zso-pentane (boiling 

point 27.8°C) was used to model the light fractions of gasoline, iso-octane 

(boiling point 99.2°C) to model the medium fractions, and xylene (boiling 

range 138.3-144.4°C) to model the heavy ends. Although fuel distribution 

studies using the seeded PLIF technique typically use a single reference fuel to
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Figure 3.2: Distillation curve of a typical full boiling range gasoline [data from Ferguson 

1985]

model the in-cylinder behaviour of gasoline, a similar multi-fuel approach may 

be applicable provided that the all o f the chosen carrier fuels are optically 

transparent at the excitation wavelength. In those cases where experimental 

considerations dictate the use of a single component carrier fuel, Ao-octane — 

whose boiling point lies between the T5o and T6o values o f a typical gasoline —  

will be used.

3.5 Established Molecular Dopants

Table 3.1, overleaf, presents a selection of established fuel-markers, 

referenced to their reported use in PLIF fuel visualisation studies. In all o f the 

reported cases, /'so-octane was used as the carrier fuel.

To date, no fuel marker has been reported whose fluorescence yield is 

completely independent o f both pressure and temperature. Of those tracers 

presented in Table 3.1, toluene (in common with most aromatic compounds) is 

highly susceptible to the effects o f oxygen quenching [Felton 1996]. Therefore, 

it is unsuited to use as a fluorescence tracer in a firing engine using 

conventional PLIF techniques. Accordingly, neither toluene, nor any other 

aromatic compound, will be considered further in this discussion. Similarly, 

tracers from the aldehyde group will also be discarded, although several (in

>

/
J
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Table 3.1: Selected Fuel Markers and their Reported Usage

IUPAC1 Name Group Synonym B.P.
(°C)

Researchers

Propanal Aldehyde Propionaldehyde 49 Swindal ef a l [1995]
2-Propanone Ketone Acetone 56 Wolff et a l [1994]
2,3-
Butanedione

Diketone Biacetyl 8 8 Baritaud and Heinze [1992] 
Deschamps et a l [1994]

3-Pentanone Ketone Diethyl ketone 1 0 2 Neij et a l [1994] 
Berckmiiller et a l [1994] 
Ghandhi and Bracco [1996]

n-Pentanal Aldehyde n-Valeraldehyde 103 Swindal et al. [1995]
Toluene Aromatic Methylbenzene 1 1 1 Reboux e ta l  [1996]

particular «-pentanal) have been shown to have a low sensitivity to the effects 

of oxygen quenching [Lawrenz et al 1992]. Detailed studies of the 

photophysical behaviour of selected members of the ketone and aldehyde 

groups, produced by Hansen and Lee [1975a, 1975b], have shown the 

fluorescence quantum yields of aldehydes to be much lower than the quantum 

yields of the corresponding ketones. Consequently, the use of propanal and n- 

pentanal as fluorescence markers is rejected in favour of those drawn from the 

ketone family.

The remaining fuel markers, 2-propanone, 3-pentanone, and 2,3- 

butanedione have been proven largely insensitive to quenching by oxygen. 

Baritaud and Heinze [1992] estimated that (in a motored engine) less than 8 % 

of the 2,3-butanedione (biacetyl) fluorescence signal was quenched by oxygen 

from air. Similarly, Lawrenz et a l [1992], Grossmann et a l [1996], and 

Ghandhi and Felton [1996] have shown that (in atmospheric air) the 

fluorescence emissions o f the ketones are almost pressure independent. In 

addition to investigating the effects of elevated pressure on fluorescence 

emissions of the ketones, Grossmann et a l [1996] demonstrated that their 

fluorescence temperature dependence could be minimised by the correct choice 

o f excitation wavelength.

1 International Union of Pure and Applied Chemistry
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3.6 Physical and Chemical Characteristics

Besides demonstrating favourable photophysical properties, a practical 

fuel marker must also fulfil a number of physical and chemical requirements. 

Solubility in the fuel, chemical stability and toxicity, as well as boiling point and 

volatility, are important considerations in the selection of a suitable molecular 

dopant for visualisation studies. The remainder of this section will consider in 

detail the physical and chemical properties of 2-propanone, 3-pentanone, and

2,3-butanedione. Particular attention will be paid to their suitability for use as 

fuel markers in a firing GD-I engine.

The physical properties of the three tracers are similar in many respects: 

importantly, all three tracers are miscible with wo-octane. At room 

temperature, 2-propanone is a colourless liquid (boiling point 56°C) with a 

fragrant mint-like odour. It is moderately toxic by ingestion, intraperitoneal, 

and intravenous routes. It is not considered carcinogenic [Lozano et al. 1992]. 

Similarly, 3-pentanone is a colourless, mobile liquid (boiling point 102°C) with 

an acetone-like odour. It is moderately toxic by the same routes as 2- 

propanone. Both 2-propanone and 3-pentanone are skin and eye irritants. 2,3- 

butanedione is a greenish-yellow liquid (boiling point 8 8 °C) with a strong 

odour. It is a skin irritant, a poison by the intraperitoneal route and moderately 

toxic by ingestion. All three chemicals are DOT2 classified as Hazard Class 3 

(flammable liquids) and emit acrid smoke and irritating fiimes when heated to 

decomposition [Lewis 1992]. The hazard and toxicity levels of the three tracers 

are noted similar to those of commercial unleaded gasoline.

The relative boiling points of the molecular dopants are of importance 

when considering their evaporation characteristics in relation to the 

evaporation of the carrier fuel. Inevitably, the addition of a molecular dopant to 

the carrier fuel will result in fuel vaporisation following the multicomponent 

regime discussed previously in §3.4. Hence, seeds of different volatilities may 

be expected to produce small differences in the observed fuel distribution. 

Berckmiiller et al [1994] recorded fluorescence images for identical engine 

running conditions for both 2-propanone (boiling point 56°C) and butanone
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(boiling point 80°C) fuel markers. Small, but measurable differences (in the 

region of 6 %) between the mean images of a twenty image sample were noted.

The degree to which the behaviour of a multicomponent fuel, such as 

gasoline, may be accurately modelled by a molecular dopant carried in a single

component fuel remains a subject for considerable debate. It may be argued 

that the observed fuel distribution is largely influenced by the engine 

conditions, and that under fully warm conditions the vaporisation is ‘diffusion- 

limited’. Accordingly, the effects of tracer volatility should be negligible. If 

‘batch’ distillation of the fuel/tracer combination does occur however, its 

effects may be minimised by the careful selection of dopant and fuel volatilities, 

and the correct relative molar composition for the blend — the equilibrium 

properties of dopant/fuel blends are discussed in Chapter 5 of this work. Note 

that contrary to conventional wisdom, the choice of a tracer whose boiling 

point closely matches that of the carrier fuel does not, in itself, ensure their co

evaporation. Despite this, the similarity of the two compound’s boiling points is 

noted to have been the most significant factor influencing the decision of 

several research groups to use 3-pentanone (B.P. 102°C) as a fluorescence 

marker in iso-octane fuel (B.P. 99.2°C) [Neij et a l 1994, Berckmiiller et al 

1994, Ghandhi and Bracco 1996].

An important consideration in the selection of a molecular dopant for 

use in a hydrocarbon fuel is that of chemical stability. Although they are fully 

miscible with iso-octane, 2,3-butanedione and 3-pentanone are known to 

chemically decompose in the fuel; thus, the fluorescence intensity of an iso- 

octane/2,3-butanedione mixture or an iso-octane/3-pentanone mixture may 

decrease over time. Neij et a l [1994] reported that the (fluorescence) signal of 

a 2% (by volume) solution of 3-pentanone in iso-octane decreased by 

approximately 50% after 10 hours. However, Itoh et a l [1995] have claimed 

noticeable degradation of the 3-pentanone PLIF signal after only thirteen 

minutes of testing. The combination of these results suggests that the chemical 

decomposition of 3-pentanone in iso-octane occurs in a non-linear manner. The 

decay rate of a 2% (by volume) solution of 2,3-butanedione in iso-octane has

2 Department of Transportation (U.S)
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been reported by Baritaud and Heinze [1992] as being approximately 11% per 

hour. Fluorescence decay due to the chemical decomposition of 2-propanone 

by iso-octane has not been reported; however, there have been few published 

PLIF studies where 2-propanone has been used as a fluorescent marker in iso

octane.

In addition to the chemical decomposition of the dopant in the fuel, the 

chemical effects of the dopant on the fuel system components must be 

considered. 2-propanone and 3-pentanone are known to attack many common 

sealing-materials including rubber, Viton3 and nitrile. Many fuel system 

components, in particular fuel pumps and injectors, use Viton or nitrile sealing 

rings that must be replaced with PTFE (or a similar ketone-proof material) 

prior to the use of either 2-propanone or 3-pentanone. In contrast, 2,3- 

butanedione is known to be safe for use with rubber and is considered unlikely 

to damage nitrile or Viton3 sealing rings [Fisher Scientific UK Product 

Helpdesk 1997].

3.7 Light Absorption and Optical Depth

The photophysical properties of the three selected tracers have been the 

subject of numerous studies. However, the majority of these investigations 

have been concentrated on the vapour-phase behaviour alone. The application 

of the seeded PLIF technique to a firing GD-I engine requires that both the 

liquid-phase and the vapour-phase behaviour of the tracer be known. Table 3.2, 

overleaf, summarises the vapour-phase absorption characteristics of 2 - 

propanone, 3-pentanone, and 2,3-butanedione. It can be seen that the 

absorption spectra of 2-propanone and 3-pentanone are almost identical. 2- 

propanone absorbs between 240 and 320nm with a maximum between 270 and 

280 nm, while 3-pentanone absorbs between 220 and 320 nm with a peak at 

280 nm [Hansen and Lee 1975a]. In contrast, 2,3-butanedione absorbs between 

340 and 470 nm with a maximum at 417 nm [Lozano et a l 1992].

3 Viton is a Du Pont registered trademark
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Table 3.2: Vapour-Phase Absorption Properties of Selected Tracers

IUPAC Name Absorption
Band

Absorption
Peak

Molecular Absorption 
Cross-Section @ Peak

2-Propanone 240 - 320 nma 275 nma 4.7 x 10 “20 cm2a
2,3-Butanedione 340 -  470 nma 417 nma 8 . 0  x 1 0  ~20 cm2'
3-Pentanone 220 -  320 nmb 280 nmb 6.5 x 10 20 cm2b

a Lozano et al. [1992] b Hansen and Lee [1975a]

The liquid-phase absorption characteristics of 2-propanone and 3- 

pentanone are generally similar to those of the vapour-phase [Fansler et a l 

1995]. However, Hansen and Lee [1975a] have reported differences in the 

absorption coefficients of the two phases at short excitation wavelengths. 

Below 280 nm, the vapour-phase absorption coefficient was found to be 

consistently greater than that of the liquid-phase. The liquid-phase absorption 

characteristics of 2,3-butanedione have not been reported to differ from the 

absorption characteristics of its vapour-phase.

In addition to detailing the peak absorption wavelengths of the selected 

tracers, Table 3.2 lists the corresponding molecular absorption cross-sections. 

Absorption cross-sections are a function of the excitation wavelength, and are 

significant in defining the optical depth of the medium and hence, providing the 

limits of tracer concentration. Van Cruyningen et al. [1990] give the optical 

depth (/) of a medium as

/ = 7 ------L - — cm (3.1)
{a + a )-C mg

where
a  is the molecular absorption cross-section of the tracer in cm2

g is the Rayleigh scattering cross-section in cm2 (often negligible)

Cavg is the mean concentration of the absorbing species in cm'3

While the absorption-bands and peak absorption-wavelengths of the 

selected dopants do not seem to be unduly influenced by phase, the optical 

depth of the medium is greatly affected. It can be seen from equation (3.1) that 

the optical depth of the liquid-phase tracer will be significantly less than the
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optical depth of the vapour-phase. In order to obtain consistent PLIF images 

across the whole image plane, the absorption level of the laser beam along its 

pathlength through the test section must be negligible, i.e. the pathlength of the 

beam must be much less than the optical depth of the medium. Under these 

circumstances, the medium is said to be ‘optically thin’. In a two-phase flow, 

such as that found in a GD-I engine immediately following injection, care must 

be taken to avoid excessive absorption or scattering of laser light. The effects 

of bulk absorption by the fuel/dopant mixture can be minimised by adjusting the 

dopant concentration: the dopant level must be optimised to provide an 

‘optically thin’ medium in the liquid-phase, while maintaining sufficient 

fluorescence intensity to allow imaging in the vapour-phase. However, multiple 

scattering from the numerous small droplets found in a dense spray is expected 

to remain a serious problem.

3.8 Fluorescence

Table 3.3 summarises the vapour-phase fluorescence characteristics of 

the selected tracers. It can be seen that the fluorescence quantum yields of the 

tracers are similar, while the fluorescence lifetimes vary between a minimum of 

2.3 ns (for 3-pentanone) to a maximum of 15 ns (for 2,3-butanedione). Each of 

the tracers has a fluorescence spectrum that is red-shifted from its absorption 

spectrum. 2-propanone fluoresces between 350 and 550 nm with a peak at 435 

nm, while 2,3-butanedione fluoresces between 420 and 520 nm with a peak at 

485 nm. 3-pentanone fluoresces between 330 and 600 nm and has a peak value 

at 430 nm. The fluorescence spectra of the tracers in the liquid-phase have not 

been reported to differ from those of the tracers in the vapour-phase.

Table 3.3: Vapour-Phase Fluorescence Properties of Selected Tracers

IUPAC Name Fluorescence Fluorescence Fluorescence Lifetime
Emission Peak Quantum Yield

2-Propanone 350 -  550 nma 435 nma 0 . 2 0  %a 4 nsa
2,3-Butanedione 420 -  520 nma 485 nma 0.25 %a 15 nsa
3-Pentanone 330 -  600 nmb 430 nmb 0.25 %b 2.3 nsb

a Lozano e t al. [1992] b Hansen and Lee [1975a]
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3.9 Phosphorescence

§3.2 presented the basic principle of the LIF technique in terms of a 

simple two-state system. In fact, there are three electronic states involved in the 

photoemission process [Lozano et al. 1992]: the ground state singlet (So), the 

first excited singlet (Si), and the first excited triplet (T3). Molecules may not be 

excited directly to the T3 state, but must first be excited to the Si state from 

which the T3 state is formed. Spontaneous photon emission may occur from 

either the Si state (in which case it is termed fluorescence) or the T3 state (in 

which case it is termed phosphorescence). A typical three-state system is 

illustrated in Figure 3.3 below. Carbonyl compounds (including ketones and 

diketones) readily undergo intersystem crossing to the triplet state and 

therefore phosphoresce as well as fluoresce [Felton 1996]. In fact, Hansen and 

Lee [1975a] found that Si to Ti intersystem crossing is the dominant route for 

nonradiative transitions of the excited singlet state ketones. Consequently,

D

W ISC

ISC S E

ISC

VR

So

Figure 3.3 : Three-state energy level diagram; S0: ground state; Sy: singlet state; T3: triplet 

state; A: absorption; ISC: intersystem crossing; IC: internal conversion; VR: vibrational 

relaxation; D: dissociation; F: fluorescence; P: phosphorescence [Liu et al. 1988]
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Table 3.4: Vapour-Phase Phosphorescent Properties of Selected Tracers

IUPAC Name Phosphorescence
Emission

Peak
Emission

Maximum 
Quantum Yield

Lifetime

2-Propanone 350 -  600 nmb 450 nmb 1 . 8  %a 2 0 0  gsa
2,3-Butanedione 475 -  675 nm" 512 nma 15 %a 1.5 msa
3-Pentanone 350 -  600 nmb 450 nmb not reported 1.3 ms°

a Lozano et al. [1992] b O’Sullivan and Testa [1970] c McClure [1949].

collisional quenching of the Si state is negligible; thus, explaining the relative 

insensitivity of these compounds’ fluorescence emissions to pressure effects 

[Lozano et al. 1992]. The vapour-phase phosphorescence characteristics of 2- 

propanone, 3-pentanone, and 2,3-butanedione are summarised in Table 3.4 

above. It can be seen that the phosphorescence emission band and peak 

phosphorescence wavelength of 2-propanone and 3-pentanone are identical 

[O’Sullivan and Testa 1970]: both ketones phosphoresce between 350 and 600 

nm with a peak value at 450 nm. In contrast, the 2,3-butanedione 

phosphorescence spectrum is broadband between 475 and 675 nm, with a 

strong peak at 512 nm, a secondary peak at 560nm, and a much fainter peak at 

610 nm [Lozano et a l 1992].

A comparison of fluorescence and phosphorescence lifetimes, given in 

Tables 3.3 and 3.4 respectively, show that the phosphorescence lifetimes of the 

selected tracers are significantly longer their corresponding fluorescence 

lifetimes. The comparative longevity of the phosphorescence signal presents a 

potential problem when imaging non-quiescent flows. Whereas the short 

fluorescence lifetime might be used to freeze the flow motion, the long lifetime 

of laser-induced phosphorescence can cause blurring of the image. Therefore, 

in contrast to LIF, the application of laser-induced phosphorescence techniques 

to the study of in-cylinder fuel spray and mixing processes requires direct 

control of the image exposure time. Sophisticated electronic camera systems 

are therefore essential.

3.10 PLIF Strategies for GD-I Engines

The direct injection of liquid fuel into the cylinder of a GD-I engine
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inevitably produces a two-phase fuel distribution, which in some instances may 

persist from injection through to spark. It has been shown that conventional 

seeded PLIF techniques are unable to differentiate between liquid and vapour- 

phase fuel. Therefore, this section examines alternative PLIF strategies for 

vapour/liquid fuel visualisation in a firing GD-I engine and considers the 

suitability of the selected fuel tracers.

The use of 2-propanone, 3-pentanone, and 2,3-butanedione as vapour- 

phase fuel tracers for in-cylinder PLIF studies has been well documented 

[Wolff et a l 1994, Berckmiiller et al. 1994, Ghandhi and Bracco 1996, 

Deschamps et a l 1994]. However, the behaviour of these tracers in the 

presence of large quantities of liquid-phase fiiel has not been widely reported. 

Their physical and photophysical characteristics, presented in §3.5 to §3.9, are 

compared in Table 3.5 overleaf. It can be seen that, with the exception of their 

boiling point match to /so-octane, the properties of 2-propanone and 3- 

pentanone are identical. Consequently, 3-pentanone is preferred to 2- 

propanone as a fluorescent marker for iso-octane fuel and 2 -propanone will not 

be considered further in this discussion. Similarly, it can be seen that 3- 

pentanone is preferable to 2,3-butanedione as a vapour-phase fuel marker since 

it better matches the boiling point of iso-octane and is less sensitive to the 

effects of collisional quenching.

Felton [1996] has proposed the use of the PLIF from a molecular 

dopant combined with simultaneous Mie scattering images as a suitable 

technique for imaging the liquid and vapour-phase fuel distributions in a firing 

GD-I engine. The Mie scattered images (representing the liquid-phase fuel 

distribution) are subtracted from their corresponding fluorescence images to 

obtain qualitative pictures of the vapour-phase fuel distribution. This technique 

requires the use of two distinct excitation wavelengths. For PLIF, an ultraviolet 

light source is required to raise the dopant molecules to an excited state. 

However, although this UV light will be scattered from the liquid-phase fuel, 

UV excitation is not well suited to the requirements of the Mie scattering 

imaging technique. The strength of an elastic scattering process is known to 

scale with the fourth power of the excitation wavelength [Eckbreth 1996]; 

hence, the short UV wavelength does not produce a strong scattering signal.
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Table 3.5: Comparative Properties of Selected Tracers

2-Propanone 2,3-Butanedione 3-Pentanone

Solubility in zso-octane 3 2 3

Boiling point match to 
zso-octane 0 2 3

Chemical stability in iso
octane 2 1 2

Suitability for use with 
rubber & nitrile 0 2 0

Low toxicity 2 3 2

Fluorescence quantum 
yield 2 2 2

Fluorescence quenching 
resistance 3 2 3

Phosphorescence 
quantum yield 1 3 1

Spectral separation of 
emissions 0 2 0

Total 13 19 16

0: poor; 1: fair; 2: good; 3: excellent

Moreover, the majority of commercial camera lenses are coated to reject UV 

light. Therefore, a separate (usually visible) laser light source is required to 

obtain the Mie scattered images of the liquid-phase fuel.

In practice, the subtraction of one image from another implies that the 

accuracy of the technique is highly sensitive to the effects of image resolution 

and spatial precision. The simultaneous capture of two images at the same 

spatial location, using two separate excitation wavelengths and optical trains is 

not possible. Therefore, changes in the flow characteristics between the 

fluorescence and scattering images will introduce errors in single-cycle vapour- 

phase images. Temporal differences in the fluorescence and scattering images
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may be avoided by the use of the ensemble averaging technique. A mean 

scattering image is calculated from a large number of single-cycle images taken 

at a given crankshaft angle. Similarly, a mean fluorescence image is calculated 

from single-cycle fluorescence images taken at the same crankshaft angle. The 

‘ensemble averaged’ vapour-phase image (at the given crankshaft angle) is 

calculated by the subtraction of the mean scattering image from the 

corresponding mean fluorescence image.

The finite resolution of the imaging system will inevitably introduce 

errors into the final images. It may be expected that some areas o f the liquid- 

phase image will contain vapour-phase fuel, while the vapour-phase image will 

contain some areas of liquid-phase fuel. The presence of liquid-phase fuel in the 

vapour-phase image is particularly significant considering the photophysical 

behaviour of the selected tracers. It is known that phosphorescence emissions 

from 3-pentanone and 2,3-butanedione are effectively quenched by trace 

amounts of oxygen [Lozano et a l 1992]. Consequently, in a fired (or motored) 

engine run with air, only fluorescence will be observed from vapour-phase 

tracer — Baritaud and Heinze [1992] observed the oxygen quenching of 

vapour-phase 2,3-butanedione phosphorescence in a motored engine. In 

contrast, oxygen quenching of the liquid-phase phosphorescence can only 

occur at the liquid surface; therefore, the liquid-phase tracer may either 

fluoresce from the first excited singlet state, or phosphoresce from the triplet 

state. In the case of 3-pentanone, the fluorescence and phosphorescence 

emissions of the liquid phase are coincident; thus, interference from the 

phosphorescence emissions (due to the liquid-phase fuel marker) may produce 

an unrepresentative fluorescence image of the vapour-phase distribution.

The coincidence of the 3-pentanone emissions spectra prevents the 

spectral filtering of the unwanted liquid-phase phosphorescence signal from the 

required fluorescence emissions. In view of this limitation, it is suggested that

2,3-butanedione is a more suitable fuel marker than 3-pentanone for use in 

two-phase flow regimes. Ordinarily, 2,3-butanedione triplets phosphoresce at a 

longer wavelength than the singlet fluorescence emission — the 2,3- 

butanedione fluorescence and phosphorescence spectra (normalised to unit 

area) are illustrated in Figure 3.4, overleaf (Note that the two spectra are
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Figure 3.4: Normalised 2,3-butanedione emissions spectra for 351-nm excitation [redrawn 

from Van Cruyningen e t al. 1990]

shown to different scales). The phosphorescence spectrum is between 475 and 

675 nm, while the fluorescence spectrum is between 420 and 520 nm. Although 

it can be seen that the emissions spectra are coincident between the 

wavelengths of 475 and 520 nm, it is believed that overall they are sufficiently 

separate to allow spectral filtering of the phosphorescence emissions from the 

fluorescence signal.

Separation of the fluorescence and phosphorescence emissions from a 

molecular dopant is proposed as an alternative PLIF technique for imaging the 

two-phase fuel distribution in a firing GD-I engine. The technique is in some 

ways analogous to the infrared extinction technique detailed in the previous 

chapter. It is assumed that the phosphorescence emissions of the vapour-phase 

tracer are entirely quenched by oxygen; thus, the phosphorescence image is due 

solely to the liquid-phase tracer. The fluorescence emission due to the liquid- 

phase dopant is calculated from the phosphorescence image (based on their 

respective quantum yields) and is subtracted from the raw fluorescence image. 

Any remaining fluorescence is due to vapour-phase emissions alone.

The separation of fluorescence and phosphorescence emissions may be
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made by either temporal or spectral filtering methods. Naito et al. [1984] has 

shown that although the fluorescence and phosphorescence emissions of 3- 

pentanone cannot be separated spectrally they can be separated based on their 

respective emissions lifetimes. However, where only the temporal filtering of a 

dopant’s photoemissions is possible (such as in the case o f 3-pentanone), the 

imaging technique will suffer from similar difficulties as the combined PLIF and 

Mie scattering method. Although only one excitation wavelength is used, it is 

still not possible to capture simultaneous fluorescence and phosphorescence 

images, and the technique will remain sensitive to changes in the tracer 

distribution between image events. However, where the fluorescence and 

phosphorescence emissions o f a dopant can be separated spectrally (such as in 

the case of 2,3-butanedione), simultaneous images o f the liquid-phase 

(phosphorescence) and combined liquid and vapour-phase (fluorescence) are 

possible.

In addition to having favourable emissions spectra, it can be seen that

2.3-butanedione triplets phosphoresce with a particularly high (~15%) quantum 

efficiency; thus, liquid-phase fuel is up to 60 times more likely to phosphoresce 

than to fluoresce [Lozano et al. 1992]. The phosphorescence emissions of 

vapour-phase 2,3-butanedione are reported to decrease rapidly with an increase 

in temperature [Okabe and Noyes 1957] and to be completely absent at 

temperatures above 200°C [Groh 1953]. However, Liu et al. [1988] have 

shown that the initial phosphorescence intensity of 2,3-butanedione is a linear 

function o f density and is insensitive to the variation of temperature. In the 

same work, Liu demonstrated that, 2,3-butanedione phosphorescence 

emissions decay in an exponential manner, and that the rate of decay increases 

with increasing temperature. Similar results have been reported by 

Concheanainn and Sidebottom [1980]. The extent to which the liquid-phase

2.3-butanedione phosphorescence is temperature dependent is not reported by 

either researcher and is an area that requires further investigation.

In comparison with the combined PLIF and Mie scattering technique, 

the major advantage of imaging a two-phase fuel distribution by the separation 

of 2,3-butanedione photoemissions is that only a single laser source is required.
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The liquid and liquid/vapour images are captured simultaneously from a single 

excitation pulse; therefore, the (calculated) vapour-phase image is insensitive to 

temporal variations of the flow and the accuracy o f single-cycle images is 

improved. Moreover, whereas Mie scattering images o f dense liquid-phase 

sprays are purely qualitative, the phosphorescence image o f liquid-phase fuel is 

(theoretically) quantifiable. However, it is possible that the practical application 

o f the technique will be limited by the temperature dependence o f the liquid- 

phase 2,3-butanedione phosphorescence.

3.11 Quantification of Fluorescence Images

Assuming that a reliable fluorescence image has been obtained it needs 

to be calibrated. Baritaud and Heinze [1992] have suggested that, if the PLIF 

image area is sufficiently large to provide a representative sample of the in

cylinder mixture, the mean fluorescence intensity may reasonably be calibrated 

against the overall equivalence ratio. Berckmiiller et al. [1994] calibrated the 

mean fluorescence intensity of four PLIF image planes against the equivalence 

ratio measured by a conventional lambda sensor. Berckmiiller acknowledges 

the limitations of the technique, and suggests that a better strategy would be to 

use an absolute calibration based on a known in-cylinder seed concentration. 

However, an alternative calibration strategy is proposed by the author that 

utilises the through-the-piston HC sampling technique developed by Queenan 

et a l [1997]. Accordingly, it is proposed that the author’s PLIF images are 

calibrated by the direct measurement of HC concentration at points of known 

fluorescence intensity.

3.12 Summary

This chapter has considered the practical application of the seeded PLIF 

technique to two-phase fuel distributions in a firing GD-I engine. It has been 

shown that commercial gasoline fuels are not suitable for use in seeded PLIF 

experiments. Subject to engine conditions, the behaviour of gasoline may 

reasonably be modelled by a single-component fuel or by a representative blend 

o f non-fluorescing reference fuels. The boiling point of Ao-octane has been 

demonstrated to be a good match for the T5o value o f a typical full boiling-
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range gasoline; thus, iso-octane is proposed as a suitable base fuel for the 

single-component case. It is proposed that a multicomponent carrier fuel for 

seeded PLIF studies will be developed during the experimental phase o f this 

work.

The need for co-evaporation of the PLIF tracer and the base fuel has 

been discussed. A review of the established molecular dopants has shown that 

the boiling points o f 3-pentanone and 2,3-butanedione are closest to that of 

iso-octane. However, 2,3-butanedione is preferred to 3-pentanone as a 

practical PLIF dopant for two-phase flows in a firing engine due to the 

separation of its photoemissions spectra, and its greater chemical compatibility 

with the existing fuel system components.

A combination of the PLIF and Mie scattering techniques is considered 

a practical solution to the problem of imaging two-phase fuel distributions in a 

GD-I engine. It is suggested that an ensemble averaged Mie scattering image 

can be subtracted from its corresponding mean fluorescence image to leave a 

mean vapour-phase image. It is proposed to use a novel through-the-piston HC 

sampling technique to calibrate the vapour-phase fluorescence images to 

absolute values of fuel/air equivalence ratio. An alternative method of imaging 

two-phase fuel distributions using a novel PLIF technique is also proposed. It is 

suggested that accurate discrimination between liquid and vapour-phase fuel 

may be achieved by separation o f 2,3-butanedione photoemissions using a two- 

camera imaging system and the appropriate spectral filters. However, further 

study, deemed to be beyond the scope of this work, is required in order to 

confirm the viability of the technique.
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Chapter 4

Influence of Injection-Timing on Fuel Spray Structures and 

Liquid-Phase Fuel Distributions in a Firing GD-I Engine

The results o f an experimental study into the effects of injection timing 

on the temporal and spatial development of injected fuel sprays and their 

subsequent liquid-phase fuel distributions within a firing GD-I engine are 

presented. The experimental results are correlated with the emissions results of 

a complementary single-cylinder research program.

4.1 Introduction

The review of diagnostic techniques presented in Chapter 2 o f this 

work has clearly illustrated the difficulty o f obtaining reliable measurements 

of in-cylinder mixture distribution. Several, otherwise promising, techniques 

have been shown to be unsuited for use in the presence o f liquid fuel droplets. 

Nevertheless, the combination of planar laser Mie-scattering and PLIF has 

been suggested as a practical solution to the problem o f imaging two-phase 

fuel distributions in GD-I engines. Ultimately, it is proposed that ensemble- 

averaged Mie-scattered images of the liquid-phase fuel be subtracted from 

their corresponding mean fluorescence images to leave an image of the mean 

vapour-phase fuel distribution at a given crank angle. However, the work 

presented in this chapter concentrates solely on the liquid-phase. This work is 

intended both to extend the present level o f knowledge regarding fuel 

spray/gas flow interactions in a particular GD-I combustion system and to 

provide baseline liquid-phase information for future combined liquid/vapour- 

phase studies.

4.2 Experimental Apparatus

The test facility consisted of a four-valve GD-I cylinder head provided 

by the Ford Motor Company, mounted on an optically accessed single

cylinder research engine designed and built at University College London 

(UCL). Optical access to the cylinder was available through both a 

conventional quartz piston crown and removable quartz windows mounted in
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Figure 4.1: Position and orientation of cross-bore windows

the cylinder walls. No cooling system was fitted to the engine or cylinder 

head, and the cylinder bore was run unlubricated. A novel feature of the UCL 

engine design is that the optical block can be rotated through 90° to provide 

either ffont-to-rear or side-to-side cross-bore optical access. For the work 

reported herein, the cross-bore windows were oriented ffont-to-rear as 

illustrated in Figure 4.1 above.

The experimental combustion system —  described in detail by 

Anderson et al. [1996] and illustrated schematically in Figure 4.2 overleaf —  

features a flat-top piston and near-central location for the fuel injector and 

spark plug. A prototype Zexel high-pressure swirl injector and injector driver 

—  supplied by the Ford Motor Company —  was used in conjunction with a 

UCL built injector control unit. Droplet sizes from this injector were expected 

to be in the range o f 20-30 gm Sauter mean diameter (SMD) [Yang and 

Anderson 1998]. Commercial-grade unleaded gasoline was supplied to the 

engine from an experimental constant-pressure fuel delivery system described 

in a previous work by Salters et al. [1996]. The timing and duration o f the 

injection pulse were synchronised with the engine by pulses from a shaft 

encoder with a precision o f 1 crank angle degree (CAD). The engine was
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Intake Intake

SP

ExhaustExhaust

Figure 4.2: Schematic layout o f GD-I cylinder head with near centrally located fuel injector 

(Inj.) and spark plug (SP) [Anderson et al. 1996]

coupled to a DC eddy current dynamometer and a variable speed drive-motor 

for load and speed control. Measurement of the air mass flow rate into the 

engine was available by means of a modified Ford hot-wire flow meter, 

mounted upstream of a plenum chamber and throttle assembly.

An Oxford Lasers CU15-A copper-vapour laser (CVL) —  providing a 

short duration (~30ns) pulse o f visible laser light — was used to illuminate 

and freeze the motion o f the fuel spray/droplets. Two imaging techniques were 

applied —  flood-illuminated through-piston imaging, and cross-bore laser 

Mie-scattering. For the cross-bore studies (which form the bulk of the 

presented work), the laser beam was formed into a thin (~1 mm in the image 

section o f the cylinder) vertical sheet using a combination of plano-convex 

cylindrical and convex spherical lenses. This light sheet was directed into the 

engine via a 45° side-access mirror, entering the cylinder axially through the 

quartz piston crown. Accordingly, the width o f the image plane was controlled 

by the inner diameter of the optical piston assembly and the transverse 

position of the light sheet with respect to the cylinder bore. For the reported 

work, the light sheet was positioned directly along the common injector and 

spark plug centreline thus, providing illumination to approximately 80% of the 

bore diameter. In the case of through-piston studies, the laser light was
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Figure 4.3: Schematic diagram of experimental lighting modes; (a) Flood-illumination, (b) 

Light-sheet illumination
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delivered to the bore via a fibre-optic cable and the engine’s 45° side-access 

mirror, providing flood-illumination to the imaging section o f the cylinder 

through the piston crown. Figure 4.3, previous page, illustrates the 

experimental set-up for the two modes o f light delivery.

Images o f the liquid-phase fuel distribution were acquired either 

through the piston crown via the 45° mirror (flood-illumination), or through 

the cross-bore windows (light-sheet illumination). In the latter case, it should 

be noted that the optical distortion produced by the UCL engine’s window- 

bore curvature allows the full width o f the light sheet to be observed through 

the cross-bore windows [Salters et al. 1996]. A high-speed rotating drum 

camera (HSRDC), illustrated in Figure 4.4 below, was used for both imaging 

techniques. An Oxford Lasers ‘N ’ Shot Controller, synchronised with the 

engine by pulses from a shaft encoder, was used to control the operation o f the 

camera and laser systems during image acquisition. Table 4.1, overleaf, 

summarises the main characteristics o f the UCL optically-accessed engine and 

the experimental GD-I combustion system. A schematic layout o f the 

experimental test facility and the imaging system set-up for the cross-bore 

studies is shown in Figure 4.5.

Figure 4.4: High-speed rotating drum camera (HSRDC)
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Table 4.1: Characteristics of the UCL Optically-Accessed Engine and Experimental GD-I 

Combustion System

Engine type 4-Stroke, single-cylinder, DOHC
Combustion chamber 4-Valve, pentroof
Piston shape Flat top
Bore/stroke (mm) 90.2/90.5
Displacement (cc) 575
Injector type Zexel, 55° pressure-swirl atomiser
Injector position Near-central
0  Piston window (mm) 72.0
Width cross-bore window (mm) 53.0
Height cross-bore window (mm) 56.0
Injector tip height above window (mm) 23.0

Air

Shaft Encoder

Dynamometer

Light-Sheet 
Forming Optics

Fuel 
@ 50 BarCamera

Trigger
Signal

TDC
Pulse

Laser Trigger Signal

Throttle
Assy.

Air Flow 
Meter

Drum Camera

Plenum
Chamber Injector

Driver

Junction
Box

Injector 
Control Box

Drive Motor

N’Shot Controller

Laser

GD-I Engine

O t
Injector

Figure 4.5: Schematic diagram of experimental apparatus (imaging set-up for cross-bore 

studies)
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4.3 Experimental Procedure

Table 4.2, below, details the standard engine operating conditions for 

the imaging experiments presented in this chapter. The reader will note that 

neither the fuel/air equivalence ratio nor the cylinder temperature is listed 

therein. In fact, the air flow rate and fuel injection pulse-width employed in 

the present study correspond to values used in a previous experimental work 

performed at UCL [Salters et a l 1996]. At the time of the referenced study, 

the fuel flow rate of the experimental injector was known to have deteriorated 

from the manufacturers original calibration. A long injector pulse-width was 

chosen to compensate for the reduced fuel delivery of the aged injector. 

However, later work, presented in Chapter 5 of this thesis, suggests that the 

chosen values result in a rich mixture with an equivalence ratio of 

approximately 1.2.

With the convention of top-dead-centre (TDC) induction at 360 CAD, 

an injection-timing sweep — with test points at 30 CAD intervals —  was 

made from SOI 390 CAD to SOI 630 CAD. For the cross-bore studies, the 

HSRDC was configured to capture 55 Mie-scattered images at a framing rate 

of 5kHz, thus providing a continuous record of the spray and droplet 

behaviour over a period of approximately 100 CAD. The framing rate for the
!
| through-piston studies was varied between 3 and 5 kHz according to the fuel
i
| injection timing. In order to minimise the effects of window fouling, images

I were typically acquired in the first second following the start of fuel injection.

Accordingly, the cylinder temperature at the time of image acquisition was 

estimated to be close to the test cell ambient value (~ 26 °C).

Table 4.2: Standard Test Conditions (Optical Engine)

Engine speed (rpm) 1500
Manifold absolute pressure (kPa) 60
Air flow rate (g/s) 2
Fuel injection pressure (MPa) 5
Injection duration (ms) 4
Exhaust valve open (CAD) 131
Inlet valve open (CAD) 342
Exhaust valve close (CAD) 369
Inlet valve close (CAD) 594
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A two-stage (set-up and imaging) test procedure was applied at each 

test point. During the set-up stage of the test procedure, the timing and 

duration of the fuel injector pulse were programmed into the injector control 

unit and the fuel system pressurised to 5 MPa. The engine was motored at a 

steady 1500 rpm with the fuel injection system disabled while the airflow into 

the engine was adjusted to meet the standard test conditions. Once a suitable 

airflow had been established the fuel system was enabled and the ignition 

timing adjusted to ensure stable combustion. At this juncture, the engine was 

shut down and allowed to cool. The piston and cross-bore windows were 

cleaned at this time.

For the imaging phase, the HSRDC was loaded with film and motored 

up to speed. Control of the CVL, which had previously been free running at 10 

kHz, was switched to the ‘N’ Shot Controller. The engine was motored to 

1500 rpm and the fuel injection system enabled. The ‘N ’ Shot image 

acquisition sequence —  shown schematically in Figure 4.6 below —  was 

triggered shortly after enabling the fuel injection system. During this 

sequence, the laser was temporarily extinguished under the control of the ‘N ’ 

Shot box and the camera shutter opened. Following a pre-set delay period, the

Shaft Encoder —

Fuel Injector Delay

TOC (Power Stroke)

n_ _ _ _ _ _ _ _ _ _ a

Fuel Injector Driver--------------------

‘N ’ Shot Trigger 

‘N’ Shot Controller J -----------------

Fuel Injection Duration

_ n _ _ _ _ _ _ _

‘N ’ Shot Delay
H —  H

55 x Laser Pulses

H — —H
Laser Output--------

Shutter Open

Camera Shutter--------------------------

Figure 4.6: ‘N’ Shot image acquisition sequence
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film was exposed by a burst of 55 laser pulses at the programmed frequency. 

On completion of the pulse burst, the laser was again extinguished and the 

camera shutter allowed close. Finally, the CVL was returned to its free- 

running mode and the test procedure terminated by the complete shut down of 

the engine and camera systems.

4.4 Image Processing and Resolution

The 35-mm films recovered from the HSRDC were developed ‘in- 

house’ before being slide-mounted and commercially transferred to Photo CD. 

The principal advantage of digitising the original 35-mm film is that the 

resulting images can be readily manipulated by computer to focus on, or 

enhance, specific areas of interest for subsequent analysis. The disadvantage is 

that the process of digitisation results in a measurable loss of resolution. The 

film used in the HSRDC throughout this study — Kodak T-Max P3200 

Professional —  has a resolving power of 125 lp/mm1, whereas the maximum 

scanning resolution available on a standard Photo CD is only 2200 pixels/inch 

(or approximately 43 lp/mm) [Kodak 1997a, 1997a].

The digitised light-sheet images shown in this chapter were imported 

into a commercial image processing and analysis package {Image Pro-Plus™ 

V3.0) and cropped to match the size of the cross-bore windows. Using these 

known dimensions as a calibration, the pixel scale o f the images was 

determined to be 20 pixels/mm. Assuming that two adjacent pixels are 

required to resolve an object — and ignoring the optical distortion due to the 

cross-bore window, which is discussed further in Chapter 5 — the minimum 

resolvable object size was estimated to be 100 //m. Note that no similar 

analysis of image resolution was performed on the through-piston images.

The dynamic range and contrast of the images shown in this chapter 

have been enhanced in Image Pro-Plus™ using an in-built optimisation 

routine based on the grey-scale value o f each pixel. The bottom 3% of the 

pixel values were assigned to the shadow point, (0), while the top 3% were 

assigned to the highlight point (255). The remaining values were linearly 

distributed between these two points by means of a mathematical

1 Measured according to IS06328 @ Test object contrast 1000:1
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transformation. The modified images were saved in 8-bit tagged image file 

format (TIFF).

4.5 Fuel Visualisation Results

This section presents a selection of the experimental results illustrating 

the spatial and temporal development of the injected fuel sprays and the 

resulting liquid-phase fuel distributions for each of the nine injection timings 

under investigation. The liquid fuel behaviour for each injection timing is 

illustrated by a set of eight light-sheet images taken at 1 ms intervals after 

SOI. In some cases, these light-sheet images are supported by additional 

through-piston images and by annotated images of the observed fuel motion. 

Note that the images shown herein represent only a small fraction of those 

collected for any given injection timing. Consequently, the written description 

o f the fuel behaviour accompanying the figures may refer to significant events 

occurring in the interval between the displayed images.

The full sequence of fuel spray images for each injection timing was 

used to produce a computer animated ‘film’ of the injection event. Note that, 

in contrast to the images displayed in this chapter, no image enhancement 

techniques were used during the construction of these digital ‘movies’. The 

animations, and the required software for their display, are stored on the Photo 

CD attached to rear cover of this thesis. An index to the films available on the 

CD is given in Appendix B. It is important to note that neither the light-sheet 

images shown in this chapter nor those stored on the Photo CD have been 

corrected for the distortion caused by the curvature of the cross-bore window’s 

inner face. Consequently, the displayed cone angles differ considerably from 

the manufacturers quoted nominal cone angle of 55°. Where cone angles are 

reported in the present study, both the measured angle and an estimated true 

value (based upon the experimental work detailed in Appendix C) are given.

Figure 4.7, overleaf, illustrates the orientation of the author’s light- 

sheet images with respect to the major features of the experimental 

combustion system. The red rectangle shown therein represents the effective 

viewing area within the bore. It can be seen that the vertical position of the 

cross-bore windows is such that SOI is not directly observed; the first 

appearance of liquid fuel in the camera’s field-of-view occurring some finite
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Figure 4.7: Schematic layout of light-sheet image orientation

time later. The length of this delay period was estimated from the difference in 

the axial penetration o f the leading fuel mass shown in the first two fuel 

images. Consequently, the values o f time (elapsed from SOI) and crankshaft 

angle that annotate the experimental results shown in this chapter are subject 

to estimated errors of ± 0.2 ms and ± 2.0 CAD respectively. Note that this 

magnitude o f error is insufficient to affect the interpretation o f the results.

Figure 4.8, overleaf, illustrates the temporal and spatial development 

o f the liquid-phase fuel distribution in the light-sheet plane when SOI occurs 

at 390 CAD. Note that the black vertical line seen in the upper, central region 

o f the images is a calibration marker fixed to the external face o f the cross

bore window. The results show a dense ‘slug’ o f fuel impacting on the piston 

crown approximately 4 CAD after SOI (394 CAD). The impaction o f this 

initial ‘slug’ is followed, 2 CAD later (396 CAD), by the impingement o f the 

main fuel spray. At first, the spray is seen as a solid cone o f uniform density 

(Figure 4.8a). However, during the later stages o f injection a less dense ‘inner 

core’ is clearly visible within the cone (Figures 4.8c and 4.8d). These later
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(a) t = 1.0ms (b) t = 2.0 ms (c) t = 3.0 ms (d) t = 4.0 ms
399 CAD 408 CAD 417 CAD 426 CAD

(e) t = 5 .0m s (f) t = 6.0 ms (g) t = 7.0m s (h) t=  8.0 ms
435 CAD 444 CAD 453 CAD 462 CAD

Figure 4.8: Fuel spray development -  Light-sheet images (SOI 390 CAD)

images show the fully developed spray structure, established approximately 

2.0 ms after SOI, to have an included angle of approximately 62° (-40° 

uncorrected). During the early stages o f fuel injection, a significant proportion 

o f the impinging spray droplets are shown to be reflected from the piston 

crown towards the cylinder walls (Figures 4.8a and b). Nonetheless, a dense 

film of liquid fuel can be seen to spread rapidly across the piston surface; 

reaching the edge o f the light sheet on the intake-valve side o f the cylinder 

bore around 16 CAD after SOI (406 CAD). Approximately 2 CAD later (408 

CAD), the fuel film is seen to reach the edge o f the light sheet on the exhaust- 

valve side (Figure 4.8b). The rate at which this fuel film is observed to spread 

across the piston crown suggests liquid fuel from the piston surface reaches 

the cylinder walls approximately 20 CAD after SOI (410 CAD).

At the end of injection (EOI), the fuel spray is seen to collapse directly 

into the centre o f the (descending) piston; concentrating liquid fuel on the 

outer edges o f the piston crown (Figure 4.8e). Later images show the liquid 

film on the piston crown rapidly contracting towards the centre o f the piston as 

the fuel evaporates, or is torn, from its surface (Figures 4.8f, g, and h). These 

results suggest that there is a flow o f liquid fuel across the piston surface
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,liq u id  fuel stripped 
from piston crown

Fuel film contracting towards 
centre o f  piston crown

l iquid fuel concentrated 
at the outer edges o f  the 
piston crown

(a) 440 CAD (b) 460 CAD (c) 470 CAD

Figure 4.9: Liquid fuel behaviour at EOI (SOI 390 CAD); (a) Fuel film deposition; (b) 

Liquid film stripping, (c)Vortex formation and bulk motion of airbourne droplets

during this process. Analysis o f the animated results indicates the subsequent 

formation of a well-defined anti-clockwise rotating vortex above the exhaust- 

valve side o f the piston crown at around 80 CAD after SOI (470 CAD). The 

movement of the liquid film after EOI, and the subsequent position and 

movement of the rotating vortex are illustrated schematically in Figure 4.9 

above.

Figure 4.10, overleaf, illustrates the temporal and spatial development 

o f the liquid-phase fuel distribution in the light-sheet plane when SOI occurs 

at 420 CAD. In this case, a dense ‘slug’ o f fuel is seen to impact on the piston 

crown approximately 7 CAD after SOI (427 CAD). The impaction of this 

leading mass is followed, approximately 4 CAD later (431 CAD), by 

impingement of the main fuel spray on the intake-valve side o f the piston 

surface. The fuel spray is seen strike the exhaust-valve side o f the piston 

crown around 13 CAD after SOI (433 CAD). At this injection timing, the fully 

developed spray structure is shown (Figures 4.10b, c, and d) to have the form 

o f a partially filled cone with an included angle o f approximately 63° (-41° 

uncorrected).

In contrast to the case o f SOI at 390 CAD, few o f the impinging 

droplets from the main spray body appear to be reflected from the piston 

surface. Indeed, following the initial impaction of the leading fuel ‘slug’ 

(shown in Figure 4.10a), liquid fuel impinging on the piston crown does not 

appear to spread significantly beyond the footprint area o f the spray cone
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(a) t = 1.0 ms 
429 CAD

(b) t = 2.0 ms 
438 CAD

(c) t = 3.0 ms 
447 CAD

(d) t = 4.0 ms 
456 CAD

(e) t = 5.0 ms (f) t = 6 .0m s (g) t = 7.0 ms (h) t = 8.0 ms
465 CAD 474 CAD 483 CAD 492 CAD

Figure 4.10: Fuel spray development -  Light-sheet images (SOI 420 CAD)

(Figure 4.10b). The reader will note the non-uniform thickness o f the fuel film 

on the piston surface, with heavy deposits of liquid fuel clearly visible on the 

intake-valve side o f the piston crown (Figures 4.10b, c, and d). The main body 

of fuel spray and the liquid fuel film on the piston surface are seen to reach the 

outer edges of the laser light sheet around 20 CAD after SOI (440 CAD). 

Subsequent images suggest that, starting approximately 25 CAD after SOI 

(445 CAD), the spray impinges on the cylinder walls. The results indicate that 

substantial wall wetting is likely to occur (at different heights) on both sides of 

the cylinder-bore (Figures 4.10c and d). At about the time that the main spray 

is estimated to reach the cylinder walls, the radial spread of the liquid film on 

the piston crown is reversed. The results show ligaments of liquid fuel being 

stripped from the piston surface and the fuel film retreating towards the centre 

o f the image plane. At EOI, the spray collapses slowly towards the exhaust 

valve side of the bore. Two weak, counter-rotating vortices are seen within the 

collapsing spray structure at approximately 460 CAD, causing an upward drift 

o f liquid fuel later in the cycle. Figure 4.11, overleaf, illustrates the reversal of 

the piston fuel film and the movement o f the airborne liquid fuel after EOI.
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Figure 4.11: Liquid fuel behaviour at EOI (SOI 420 CAD); (a) Fuel film reversal and 

stripping, (b) Spray collapse and vortex formation, (c) Motion of droplet cloud

Figure 4.12, overleaf, illustrates the temporal and spatial development 

o f the liquid-phase fuel distribution in the light-sheet plane when SOI occurs 

at 450 CAD. Comparison of these light-sheet images with those shown in 

Figures 4.8, and 4.10 shows a notable change in the global spray structure 

when SOI occurs at 450 CAD. The fuel spray is seen (Figures 4.12b and c) as 

a hollow cone with an included angle o f approximately 60° (-39° 

uncorrected). The hollow core o f the spray is maintained through to the end of 

injection (Figure 4.12d). Compared to the earlier injection timings, a greater 

level of air entrainment is evident at the outer edges of the spray structure and, 

significantly, the spray is seen to be deflected away from intake-valve side of 

the cylinder liner. The leading edge o f the main fuel spray is seen (Figure 

4.12b) to reach the edge o f the light sheet on the exhaust-valve side of the 

cylinder around 18 CAD after SOI (468 CAD). Approximately 2 CAD later 

(470 CAD), the main body o f the spray reaches the edge of the light sheet on 

the intake-valve side. Subsequent images suggest that, starting around 21 CAD 

after SOI (471 CAD), a substantial amount o f wall impingement occurs on 

both sides o f the cylinder bore.

The results show an initial ‘slug’ of liquid fuel striking the piston 

crown approximately 13 CAD after SOI (463 CAD). Approximately 7 CAD 

later (470 CAD), the periphery o f the main spray is also shown to impinge 

upon the piston surface. It should be noted that the (descending) piston crown 

reaches the lower edge o f the cross-bore window at approximately 473 CAD.
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(a) t=  1.0 ms (b) t = 2.0m s (c) t = 3.0m s (d) t = 4 .0m s
459 CAD 468 CAD 477 CAD 486 CAD

(e) t = 5.0m s (f) t = 6 .0m s (g) t = 7.0 ms (h) t = 8.0m s
495 CAD 504 CAD 513 CAD 522 CAD

Figure 4.12: Fuel spray development -  Light-sheet images (SOI 450 CAD)

Therefore, to investigate the extent of the spray impaction on the piston at this 

injection timing, additional images were taken through the piston window 

using global illumination o f the cylinder bore as detailed in §4.2. A small 

selection o f these ‘through-piston’ images for this injection timing is given in 

Figure 4.13 overleaf The reader will note that a significant area o f each image 

shown therein is obscured by a black circle. This blackened area represents the 

positioning of a physical mask that was required to prevent the direct 

reflection o f laser light back to the camera system. The positioning o f the laser 

‘hot-spot’ and its associated mask was varied during the course o f the study 

and was not found to affect the interpretation o f the results.

Interestingly, the through-piston results suggest that there is some 

spray impingement on the back of the intake valves shortly after SOI (Figure 

4.13a). Droplets from the initial slug of injected fuel are seen to impinge on 

the piston crown at approximately 465 CAD (Figure 4.13b). However, direct 

impingement of the main spray body on the piston surface is not shown, 

although the precipitation o f a dense liquid film on the front exhaust-valve 

quarter of the piston is seen approximately 50 CAD after SOI (Figure 4.13c).
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(a) 456 CAD (b) 465 CAD (c) 489 CAD

Figure 4.13: Through-piston images (SOI 450 CAD); (a) Spray impingement on intake 

valves, (b) Slug impaction on piston crown, (c) Fuel film formation

At EOI (486 CAD), the spray structure is seen to collapse slowly 

towards the lower left comer of the image plane, filling the hollow region , 

within the spray cone in the process (Figures 4.12e and h). No obvious vortex 

structures were seen within the collapsing spray structure. Interestingly, later 

light-sheet images show a reversal in the flow direction of the airborne 

droplets on the intake-valve side o f the cylinder at around 563 CAD (113 

CAD after SOI). This result suggests the formation of a structured anti

clockwise rotational flow within the image plane at this time. The droplet 

motion on the intake-valve side o f the bore is illustrated in Figures 4.14a and 

4.14b below. Note that droplets are seen within the image plane up to the end 

of the available light sheet images (610 CAD, Figure 4.14c).

I \
Dppo&rfg flow 
directions in 
centre and outer 
duurictersaplThe 
bore

(a) 560 CAD (b) 570 CAD (c) 610 CAD

Figure 4.14: Liquid fuel behaviour at EOI (SOI 450 CAD); (a) Droplet motion at 560 

CAD, (b) Droplet motion at 570 CAD, (c) Droplet cloud at 610 CAD
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(a) t = 1.0 ms 
489 CAD

(b) t = 2.0 ms 
498 CAD

(c) t = 3.0m s 
507 CAD

(d) t = 4.0 ms 
516 CAD

(e) t = 5.0 ms (f) t = 6.0 ms (g) t = 7 .0m s (h) t= 8 .0 m s
525 CAD 534 CAD 543 CAD 552 CAD

Figure 4.15: Fuel spray development -  Light sheet images (SOI 480 CAD)

Figure 4.15, above, illustrates the temporal and spatial development of 

the liquid-phase fuel distribution in the light-sheet plane when SOI occurs at 

480 CAD. The results show the global spray structure at this injection timing 

to be a hollow cone with an included angle o f approximately 53° (-41° 

uncorrected, Figures 4.15b, c, and d). Air entrainment at the outer edge o f the 

fuel spray is visible on the exhaust-valve side o f the cylinder (Figure 4.15b). 

The results show the spray cone to be slightly more filled at EOI (516 CAD) 

than is the case when SOI is at 450 CAD (Figure 4.12d). During the early and 

middle phases o f the injection event, the fuel spray is seen to be deflected 

away from the intake-valve side of the cylinder bore in a similar manner to 

that seen when SOI occurs 30 CAD earlier. However, a detailed comparison of 

the images shown in Figures 4 .12b and 4.15b shows the deflection of the spray 

to differ significantly between the two injection timings. The axial penetration 

of the spray tip on the exhaust-valve side o f the cylinder is clearly reduced 

when SOI occurs at 480 CAD, while droplets from the trailing edge o f the 

initial fuel ‘slug’ are deflected towards the exhaust-valve side o f the cylinder 

wall.
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Slug impaction

(a) 498 CAD (b) 600 CAD (c) 695 CAD

Figure 4.16: Through-piston images (SOI 480 CAD); (a) Slug impaction on piston crown, 

(b) Initial film formation, (c) Piston fuel film at time of spark

At this injection timing, the piston is below the lower edge of the 

cross-bore window at SOI and, therefore, is not visible in the light-sheet 

images. However, images collected through the piston indicate that a dense 

'slug’ of fuel impacts on the piston crown approximately 18 CAD after SOI 

(498 CAD, Figure 4.16a). Further, light, precipitation o f liquid fuel on the 

piston crown is first seen starting at around 534 CAD (54 CAD after SOI). 

Approximately 66 CAD later (600 CAD), a dense fuel film is observed to 

form on the front exhaust-valve quarter o f piston surface (Figure 4.16b). This 

film is seen to expand towards the centre o f the piston crown for a period of 

approximately 10 CAD before contracting as the compression stroke 

continues. Some liquid fuel is seen to survive on the piston surface up to the 

time o f spark (Figure 4.16c, 695 CAD), after which no further images were 

available.

At this injection timing, the fuel spray was seen to reach the edges of 

the laser light-sheet at approximately 13 CAD after SOI (493 CAD) and 16 

CAD after SOI (496 CAD) on the exhaust-valve and intake-valve sides o f the 

cylinder respectively. Subsequent light-sheet images show substantial 

spray/wall impingement on the exhaust-valve side of the cylinder 

approximately 14 CAD after SOI (494 CAD, Figure 4.17a). A large number of 

fuel droplets are seen to be reflected from the cylinder wall back towards the 

cylinder axis (Figures 4.15c and 4.17b). In contrast, the cylinder, spray/wall 

impingement on the intake-valve side o f the cylinder appears to be negligible.
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(a) 494 CAD (b) 505 CAD (c) 520 CAD

Figure 4.17: Selected characteristics of fuel spray behaviour for SOI 480 CAD; (a) Spray / 

wall impingement, (b) Droplet reflection from cylinder wall, (c) Vortex formation at EOI

At EOI (516 CAD), two-counter rotating vortices are seen within the 

hollow region of the spray cone as it collapses towards the lower left comer of 

the image plane (Figures 4.15e, f  and 4.17c). Later results show this vortex 

motion to decay rapidly, leaving the airborne droplets suspended in an almost 

quiescent in-cylinder charge from approximately 550 CAD to the end o f the 

available images (567 CAD).

The temporal and spatial development o f the liquid-phase fuel 

distribution within the light-sheet plane for the case of SOI at 510 CAD is 

illustrated in Figure 4.18 overleaf. The global spray structure at this injection 

timing is seen as a hollow cone with an included angle o f approximately 60° 

(-39° uncorrected, Figures 4.18b, c, and d). This spray form, which is 

maintained until EOI (546 CAD), is noticeably more hollow than is the case 

for earlier injection timings. On the exhaust-valve side of the cylinder, a small 

‘roll-up’ vortex structure is clearly visible at the outer edge of the fuel spray 

(Figure 4.18b).

A comparison o f the images shown in Figures 4.18 (SOI at 510 CAD) 

and 4.15 (SOI at 480 CAD) reveals a further, significant, change in the fuel 

spray development as the injection timing moves towards the compression 

stroke. In contrast to the spray structures seen earlier, the axial penetration o f 

the spray shown in Figure 4.18 differs substantially across the cylinder bore. 

The exhaust-valve side of the spray structure is clearly seen to penetrate 

further, and at a greater velocity, than is the intake-valve side of the spray
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(a) t=  1.0 ms (b) t = 2 .0m s (c) t = 3.0m s (d) t = 4.0 ms
519 CAD 528 CAD 537 CAD 546 CAD

(e) t = 5.0m s (f) t = 6 .0m s (g) t = 7.0 ms (h) t= 8 .0 m s
555 CAD 564 CAD 573 CAD 582 CAD

Figure 4.18: Fuel spray development -  Light sheet images (SOI 510 CAD)

(Figures 4.18b, c and d). Despite the observed difference in axial penetration 

across the cylinder bore, the main spray body is seen to reach the intake-valve 

and exhaust-valve edges o f the light sheet simultaneously at around 526 CAD 

(16 CAD after SOI). Later images suggest that there is substantial spray/wall 

impingement on the exhaust-valve side o f the cylinder starting approximately 

21 CAD after SOI (532 CAD). In contrast, the level o f wall impingement on 

the intake-valve side o f the cylinder appears to be negligible. As regards 

piston wetting at this injection timing, images collected through the piston 

indicate that a dense ‘slug’ of fuel impinges on the piston crown 

approximately 27 CAD after SOI (537 CAD, Figure 4.19a overleal). However, 

with the exception of this initial mass, no further impingement o f fuel is seen 

on the piston during the induction stroke. The first precipitation of liquid fuel 

on the piston surface is observed around 68 CAD after SOI (578 CAD, Figure 

4.19b), after which a dense fuel film is seen to form on the piston surface. The 

fuel film is concentrated on the front exhaust-valve quarter of the piston 

crown. The area of the film is seen to decrease as the compression stroke 

progresses; the experimental results suggesting that there is little, if any, liquid 

fuel on the piston surface at the time o f spark (695 CAD, Figure 4.19c).
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(a) 537 CAD (b) 578 CAD (c) 695 CAD

Figure 4.19: Through-piston images (SOI 510 CAD); (a) Slug impaction on piston crown, 

(b) Liquid fuel precipitation, (c) View at time of spark

The development o f the liquid-phase fuel distribution after EOI is 

notably different for the case o f SOI at 510 CAD compared to that seen for 

earlier injection timings. In this case, a dense mass o f liquid fuel is seen to 

pass directly through the centre of the spray structure, effectively turning the 

hollow conical structure inside-out (Figures 4.18e, f, and g). As this mass 

passes through the spray, two counter-rotating vortices are clearly observed to 

form in its wake (Figure 4.18h). It is interesting to note that the direction of 

rotation of these vortices is the reverse o f that seen at all o f the earlier 

injection timings illustrated herein.

Figure 4.20, overleaf, illustrates the temporal and spatial development 

o f the liquid-phase fuel distribution in the image plane when SOI occurs at 

540 CAD. At this injection timing, the main spray structure is first seen 

(Figure 4.20b) as a hollow cone with an included angle of approximately 62° 

(-40° uncorrected). However, the spray cone is rapidly deformed due to its 

differing axial penetration characteristics on either side o f the cylinder bore. 

While the exhaust-valve side of the spray is seen to penetrate below the level 

of the image plane, the axial penetration of the spray tip on the intake-valve 

side is severely restricted (Figures 4.20b, c, and d). Indeed, during the later 

stages o f fuel injection (558 - 576 CAD), the results show the spray tip on the 

intake-valve side of the cylinder to be almost static. It is interesting to note 

that, despite the asymmetric form of the spray structure, ‘roll-up’ vortices are 

now visible at the outer edge of the fuel spray on both sides o f the cylinder 

(Figures 4.20b, c, and d).

106



LIQUID-PHASE FUEL DISTRIBUTIONS IN A FIRING GD I ENGINE

(a) t = 1.0 ms 
549 CAD

(b) t = 2.0 ms 
558 CAD

(c) t = 3.0m s 
567 CAD

(d) t = 4.0 ms 
576 CAD

(e) t = 5.0m s (f) t = 6 .0m s (g) t = 7.0 ms (h) t = 8.0 ms
585 CAD 594 CAD 603 CAD 612 CAD

Figure 4.20: Fuel spray development -  Light sheet images (SOI 540 CAD)

At this injection timing, the main body o f the fuel spray is seen to 

reach the edge of the light sheet on the intake-valve side of the cylinder around 

16 CAD after SOI (556 CAD). Approximately 4 CAD later (560 CAD), the 

spray is seen to touch the exhaust-valve side edge of the laser light sheet. 

Subsequent images suggest that little direct spray/wall impingement occurs on 

either side o f the cylinder bore during the injection event itself (Figures 4.20c 

and d). However, the experimental results do suggest that some wall wetting 

occurs on the exhaust-valve side o f the bore after the injection event. The 

lower edge of the fuel spray on the intake-valve side o f the cylinder is seen to 

move up and away from the cylinder liner towards the centre o f the collapsing 

spray cone at EOI (576 CAD, Figure 4.20e). Consequently, a dense region of 

liquid fuel is pushed towards the edge of the image plane on the exhaust-valve 

side o f the cylinder bore (Figures 4.20f, g, and h). Some cylinder wall wetting 

is considered likely at this time.

At this injection timing, the through-piston images indicate that a 

dense ‘slug’ of fuel impacts on the piston crown approximately 23 CAD after 

SOI (563 CAD). Although partially masked by the liquid fuel already on the 

piston surface, the images appear to show further (isolated) droplet
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impingement over a wide surface area o f the piston starting at around 598 

CAD (58 CAD after SOI). At around 625 CAD (85 CAD after SOI), a liquid 

fuel film is seen to form on the exhaust-valve side of the piston crown as the 

(rising) piston encounters the liquid fuel concentrated against the cylinder wall 

as described earlier. Unlike the previous case, however, the area occupied by 

this liquid film on the piston surface does not significantly diminish during the 

compression stroke, and liquid fuel is seen on the piston surface at the time of 

ignition (695 CAD, Figure 4.21a). Although partially obscured by reflections 

from the laser ‘hot-spot’, the through-piston images collected after ignition 

clearly show the rapid regression of the fuel film boundary during combustion 

(Figure 4.21b).

Figure 4.22, overleaf, illustrates the temporal and spatial development 

o f the liquid-phase fuel distribution in the image plane when SOI occurs at 

570 CAD. Through-piston images at this injection timing suggest that a dense 

‘slug’ o f liquid fuel impacts on the piston crown approximately 22 CAD after 

SOI (592 CAD). Subsequent images appear to show further (isolated) droplet 

impingement before, at around 620 CAD, a dense liquid film is seen to form 

on the exhaust-valve side of the piston crown. The development of this fuel 

film is clearly shown in the light sheet images taken at this time (Figures 

4.22e, f, g, and h). The piston is first seen in the imaging field-of-view 

approximately 37 CAD after SOI (607 CAD); the results suggesting that 

impingement o f the spray body on the piston crown first occurs (on the

(a) 695 CAD (b) 5 CAD

Figure 4.21: Regression of piston fuel film during combustion (SOI 540 CAD) (a) Fuel 

film at spark, (b) Fuel film 30 CAD after spark
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(a) t = 1.0ms (b) t = 2 .0m s (c) t = 3.0m s (d) t = 4.0 ms
579 CAD 588 CAD 597 CAD 606 CAD

(e) t = 5.0 ms (0  t = 6.0 ms (g) t = 7.0 ms (h) t = 8.0 ms
615 CAD 624 CAD 633 CAD 642 CAD

Figure 4.22: Fuel spray development -  Light sheet images (SOI 570 CAD)

exhaust-valve side of the cylinder) shortly before the piston enters the field-of- 

view. As the piston rises, fuel droplets from the dense region of liquid-phase 

fuel concentrated close to the cylinder walls on the exhaust-valve side o f the 

bore are deposited on the piston surface. At around 630 CAD (60 CAD after 

SOI), the collapsing fuel spray structure impinges on the centre o f the piston 

causing a liquid film to spread across the piston surface (Figure 4.22g). Some 

of this liquid film is seen to remain on the exhaust-valve side o f the piston 

surface until the time o f spark (695 CAD, Figure 4.23a). It is interesting to 

note that the through-piston images collected at this injection timing appear to 

show further fuel impingement on the piston surface after ignition. A small 

amount of liquid fuel appears to splash onto the piston crown close to the 

exhaust-valve side squish area at around TDC, before disappearing as the 

combustion process continues (Figure 4.23b and c).

At this injection timing, the main body of the fuel spray is seen (Figure 

4.22b) to have the form of a hollow cone with an included angle of 

approximately 58° (-38° uncorrected). Superficially at least, the experimental 

results show the conical shape of the spray to be deformed in a similar manner 

to that seen when SOI occurs at 540 CAD. On the exhaust-valve side o f the
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Secondary impaction of
l i q u i d  f u e l  c l o s e  t o

(a) 695 CAD (b) 720 CAD (c) 30 CAD

Figure 4.23: Through-piston images (SOI 570 CAD); (a) Piston fuel film at spark, (b) 

secondary piston wetting at TDC, (c) View at 30 CAD

cylinder, the spray tip penetrates beyond the lower level of the cross-bore 

windows, while on the intake-valve side of the cylinder the axial penetration 

of the spray tip is clearly restricted (Figures 4.22c, and d). However, a closer 

comparison of the images presented in Figures 4.20 (SOI at 540 CAD) and 

4.22 (SOI at 570 CAD) reveals small, but significant, differences in the spray 

distribution at these two injection timings. Although the two global spray 

structures are essentially similar in form, spray impingement on the intake- 

valve side of the cylinder bore occurs at different heights within the cylinder 

for the two spray cases. The wall wetting location being higher for the case of 

SOI at 570 CAD than for the case o f SOI at 540 CAD. Figures 4.24a and 

4.24b refer. Interestingly, the inclination o f the fuel spray axis was found to be 

similar in both cases; the axis inclination calculated from the experimental

axis

. *. | M i i i . i i c

level ol: bore■ Y'\ . ■ ' ■ ;*£
welling

Appoxiin.uc- 
level o f  hove 
wotiinn

(a) SOI 540 CAD (b) SOI 570 CAD (c) SOI 600 CAD

Figure 4.24: Spray inclination and wall wetting for SOI at 540, 570, and 600 CAD
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results being within 1° of the injector mounting angle within the cylinder head. 

The results for SOI at 570 CAD show the main body of the fuel spray to reach 

the edge of the light sheet on the intake-valve side of the cylinder at 

approximately 583 CAD (13 CAD after SOI). Subsequent images suggest that 

the intake-valve side of the fuel spray impinges directly on the cylinder liner 

from this time onwards (Figures 4.22b, c and d). These results also indicate the 

possibility of further wall wetting on the intake-valve side of the bore as a 

result of the increased (compared to earlier injection cases) air entrainment 

process at the outer edge of the spray cone (Figure 4.22d). Note that no 

significant wall wetting is seen on the exhaust-valve side of the cylinder liner 

during the injection event. However, the collapse of the spray structure at EOI 

(606 CAD) is seen to follow a similar pattern to that shown when SOI occurs 

at 540 CAD. A dense region of liquid fuel is clearly deflected towards the 

exhaust-valve side of the cylinder, reaching the edge of the laser light sheet at 

around 630 CAD (Figure 4.22g). The results show that this liquid fuel remains 

concentrated against the cylinder wall until it is physically removed by contact 

with the (rising) piston (Figure 4.22h).

Figure 4.25, overleaf, illustrates the temporal and spatial development 

of the liquid-phase fuel distribution in the plane of the laser light-sheet when 

SOI occurs at 600 CAD. The results show a dense ‘slug’ of fuel impacting on 

the piston crown approximately 11 CAD after SOI (611 CAD). The 

impingement of this initial fuel mass causes a liquid film to form on the centre 

of the piston crown. Subsequent images show this fuel film to flow rapidly 

across the piston surface towards the intake-valve cylinder wall (Figures 

4.25b,c, and d). During this process, liquid fuel is tom from the piston surface 

suggesting the presence of an intense air motion close to the piston crown. The 

impaction of the initial fuel ‘slug’ is followed, approximately 14 CAD later 

(625 CAD), by impingement of the main fuel spray on the exhaust-valve side 

o f the piston crown (Figure 4.25c). At this point, the fuel spray structure is 

broadly similar to that seen when injection occurs at 570 CAD: a deformed 

hollow cone structure with an included angle of approximately 54° (-36° 

uncorrected). The main body of the fuel spray is observed to reach the edge of 

the light sheet on the intake-valve side of the cylinder approximately 22 CAD

1 1 1
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(e) t = 5 .0m s (f) t = 6 .0m s (g) t = 7.0 ms (h) t= 8 .0 m s
645 CAD 654 CAD 663 CAD 672 CAD

Figure 4.25: Fuel spray development -  Light-sheet images (SOI 600 CAD)

after SOI (622 CAD). Subsequent images suggest that the fuel spray impinges 

directly on the cylinder liner from this time onwards (Figures 4.25b, c and d). 

Furthermore, images collected close to the time of EOI suggest that additional 

wall wetting is likely to occur on the intake-valve side of the bore as a result of 

the air entrainment process at the outer edge o f the spray cone (Figure 4.25d).

At the end o f the injection event (636 CAD) the fuel spray is seen to 

collapse directly into the centre o f the (rising) piston depositing a dense liquid 

film across the entire piston surface (Figure 4.25e). The collapse o f the spray 

structure pushes the airborne droplets originally situated in the entrainment 

regions o f the spray towards the cylinder walls. Two counter-rotating vortices, 

which are believed to emanate from the air entrainment regions on the outer 

edges of the spray, are seen above the piston at this time. The effect o f this 

twin vortex motion is to sweep liquid fuel from the centre o f the piston crown 

out towards the cylinder walls. Results suggest that some wall wetting occurs 

on both sides o f the bore as a consequence. Figure 4.26, overleaf, illustrates 

this process.
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Vortex
.motion

Vortex
motion

Piston motion

'i.stou motion

(a) 650 CAD (b) 658 CAD (c) 666 CAD

Figure 4.26: Liquid fuel behaviour at EOI (SOI 600 CAD); (a) collapse of spray at 650 

CAD, (b) Position of roll-up vortices at 658 CAD, (c) Fuel motion across piston crown

Figure 4.27, overleaf, illustrates the temporal and spatial development 

o f the liquid-phase fuel distribution in the light-sheet plane when SOI occurs 

at 630 CAD. The results show the fuel spray structure at this injection timing 

to be notably more compact than those seen at when SOI occurs earlier in the 

compression stroke. In this case, a dense ‘slug’ o f fuel is seen to impinge upon 

the piston surface around 9 CAD after SOI (639 CAD, Figure 4.27a). The 

impingement o f this initial fuel mass is followed, approximately 9 CAD later 

(648 CAD), by the first impingement of the main spray body on the exhaust- 

valve side of the piston crown (Figure 4.27b). Note that because o f the 

reduced cone angle seen at this injection timing (~ 48°, or ~ 32° uncorrected) 

and the proximity o f the piston to the injector, the main spray impaction is 

confined to an area near to the centre o f the piston crown. Interestingly, the 

results suggest that, despite the direct impaction of the spray on the (rising) 

piston and the subsequent formation of a dense liquid fuel film on the piston, 

relatively little of this liquid fuel reaches the cylinder walls. Although a small 

amount of fuel is seen to reach the exhaust-valve side edge o f the light sheet at 

around 665 CAD (Figure 4.27d), there is no evidence to suggest that wall 

wetting occurs on the opposite side o f the bore. Later images indicate that 

some liquid fuel remains close to the cylinder wall on the exhaust-valve side 

o f the bore until spark (Figures 4.27e and f).
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ITT ................
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(a) t = 1.0 ms 
639 CAD

(b) t = 2.0 ms 
648 CAD

(c) t = 3.0m s (d) t = 4.0 ms 
657 CAD 666 CAD

No image due to 
piston masking

No image due to 
piston masking

(e) t -  5.0 ms (f) t = 6.0 ms (g) t - 7.0 ms (h) t = 8 ms
675 CAD 684 CAD

Figure 4.27: Fuel spray development -  Light-sheet images (SOI 630 CAD)

4.6 Quantitative Fuel Spray Characterisation

§4.5 presented the results o f the author’s liquid-phase fuel imaging 

experiments and described the effects o f injection timing on the fuel spray 

propagation in text. This section presents the results of a numerical analysis o f 

these images. Quantitative results are presented for the variation of the 

injected fuel spray’s; cone-angle, axis inclination, axial penetration, and axial 

velocity with injection timing. The penetration and velocity data shown herein 

refer to three discrete points within the spray, the leading edge of the initial 

fuel mass, and the leading edge of the main spray body on both the intake- and 

exhaust-valve sides of the cylinder bore. Note that radial spray penetrations 

were not calculated due to the uncorrected image distortion in the horizontal 

direction of the light-sheet images.

Figure 4.28, overleaf, details the variation o f axial spray penetration 

with time for the all o f the injection timings examined between SOI at 450 and 

630 CAD. The smooth lines shown on these plots are second-order polynomial 

fits (in the least-squares sense) to the experimental data. Note that for earlier 

injection timings there was insufficient penetration data available — due to the
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(c) Exhaust-valve side of main spray

Figure 4.28: Axial spray penetration (measured); (a) Initial fuel mass, (b) Intake-valve side 

o f main spray, (c) Exhaust-valve side of main spray
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Table 4.3 : Variation of Fuel Slug Velocity and Deceleration with Fuel Injection Timing

SOI Timing Axial Velocity (m/s, 0.4 ms after SOI) Deceleration (m/s2)
450 CAD 71.1 36.0
480 CAD 71.7 39.7
510 CAD 60.9 24.2
540 CAD 62.7 22.8
570 CAD 62.2 23.6
600 CAD 61.0 17.9
630 CAD 62.0 60.0

rapid spray impingement on the piston crown — for a similar analysis to be 

performed. The instantaneous axial velocities of the initial fuel slug and both 

leading edges of the main spray structure, calculated from the derivatives of 

the polynomial line-fits to the displacement curves, are illustrated in Figure 

4.29 overleaf.

Table 4.3, above, shows the variation of the initial fuel slug’s axial 

velocity (calculated 0.4 ms after SOI) and the variation of its rate of change of 

velocity, with injection timing. These results, derived from the penetration 

curves shown in Figure 4.29, are discussed in §4.7 of this work. Table 4.4 

summarises the variation of spray cone angle and spray axis inclination 

(measured 2ms after SOI) with injection timing. It should be noted that the 

values of axis inclination given therein were calculated with the assumption of 

a symmetrical spray structure. The validity of this assumption is not proven.

Table 4.4: Effect of Injection Timing on Spray Cone Angle and Axis Inclination (t = 2ms)

SOI Timing Measured Angle Corrected Angle Axis Inclination
(±2°) (± 3.5°) (± 1.0°)

390 CAD oO

62° 6°
420 CAD 41° 63° 5°
450 CAD 39° 60° 7°
480 CAD 41° 63° 7°
510 CAD 39°

oO

7°
540 CAD

oO

62° 4°
570 CAD

o00CO 58° 3°
600 CAD 37° 55° 3°
630 CAD 32°

o00 4°
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Figure 4.29: Axial spray velocities (derived); (a) Initial fuel mass, (b) Intake-valve side of 

main spray, (c) Exhaust-valve side of main spray
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4.7 Discussion of Imaging Results

The experimental results shown in §4.5 of this work provide 

significant elucidation as to the effects of injection timing on the fuel spray 

characteristics and liquid-phase fuel distributions in the experimental 

combustion system. These results are considered in the following sub-sections; 

pre-spray fuel mass, pressure effects, gas-flow effects, fuel spray effects, and 

liquid-fuel films.

Pre-spray fuel mass

The experimental results presented in §4.5 show the formation of the 

main spray structure (at all injection timings) to be preceded by the release of 

an initial mass or ‘slug’ of liquid fuel along the centreline of the spray. This 

‘pre-spray’ fuel mass, which is believed to comprise mainly of fuel from the 

injector sac volume [Zhao et al. 1997], is a known characteristic of hollow- 

cone high-pressure swirl injectors of the type used in this study [Parrish and 

Farrell 1997, Arcoumanis et al. 1999]. The presence of the pre-spray was first 

reported in a firing GD-I engine by Salters et al. [1996]. The images collected 

by Salters and his co-workers showed the axial penetration of the pre-spray 

slug to be significantly faster than that of the main spray body. In a subsequent 

study under atmospheric conditions, Parrish and Farrell [1997] found the 

velocity of the both the slug and the leading edge of the main spray body to 

decrease rapidly with time.

The range of pre-spray velocities (calculated 0.4 ms after SOI) 

reported in §4.6 of this work are in broad agreement with the findings of 

Parrish and Farrell. However, the informed reader will note that author’s 

experimental values are significantly larger than those reported by Salters et 

al for the same GD-I combustion system. This apparent inconsistency is 

explained by a difference in experimental method. It is known that the results 

of Salters et al. were calculated from two fuel images; the first appearance of 

fuel in the cross-bore windows and the first impaction of the slug on the piston 

crown. Therefore, the results published by Salters and his co-workers actually 

characterise the mean slug velocity between these points. Given the rapid

118



LIQUID-PHASE FUEL DISTRIBUTIONS IN A FIRING GD-I ENGINE

deceleration of the pre-spray noted by Parrish and Farrell, it is to be expected 

that this mean value will be lower than those values reported in §4.6 herein.

Interestingly, the results of Parrish and Farrell show the deceleration of 

the pre-spray to be largely independent of its injection pressure and 

consequently its initial velocity. Accordingly, the deceleration figures given in 

Table 4.3 are thought to be a reliable indication of the pressure and flow 

effects imposed on the pre-spray fuel mass: note that although the absolute 

velocity values given in Figure 4.29 are subject to a degree of experimental 

uncertainty (due to the estimated value of elapsed time attributed to the first 

fuel image), this uncertainty does not extend to the relative change of velocity 

between experimental data points. The results presented in the table show two 

distinct discontinuities. The deceleration of the pre-spray decreases markedly 

when SOI is retarded from 480 to 510 CAD, while a large increase in 

deceleration is observed when the start of injection timing is retarded from 600 

to 630 CAD. The magnitude of these changes suggests significant changes in 

the spray’s ambient conditions (cylinder pressure or local airflow velocities) 

around the given crank angles.

Pressure effects

The effects o f ambient pressure on the spray structures of high- 

pressure swirl injectors (similar to that used in the present study) have been 

reported by several research groups [Fraidl et a l 1996, Zhao et a l 1996, and 

Iwamoto et a l 1997]. It has been shown that the spray cone angle for this type 

of injector changes with variations in the ambient gas pressure; typically, the 

cone angle decreases with increasing pressure and increases with decreasing 

gas pressure. It is common practice for injector manufacturers to quote spray 

cone angles under atmospheric conditions. At sub-atmospheric pressures, 

therefore, the fuel spray would expected to exhibit a greater cone angle than 

the quoted nominal value. The experimental results for SOI timings between 

390 and 570 CAD support this observation (Table 4.4). The included angle of 

the fully developed spray cone is shown to range from approximately 58 to 

63° (-38 to 41° uncorrected) with an estimated error of ± 3.5° Although the 

results indicate a slight decrease in cone angle when SOI occurs at 600 CAD,
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it is only in the case of SOI at 630 CAD (shown in Figure 4.27) is there an 

obvious difference in the measured cone angle (approximately 48°, or 32° 

uncorrected) and observed spray density. It is interesting to note that this 

change in spray structure correlates with the aforementioned increase in pre

spray deceleration when SOI occurs at 630 CAD.

The changes in the pre-spray deceleration and the main spray cone 

angle observed when SOI is occurs at 630 CAD suggest that cylinder pressure 

is the dominant influence on the fuel spray development at this injection 

timing. Moreover, the presented results suggest that, subject to the 

experimental conditions, cylinder pressure does not play a significant role in 

influencing the structure of those sprays examined with SOI timings prior to 

630 CAD2. This is to be expected. Although, cylinder pressure was not 

recorded as part of the fuel spray imaging experiments reported in this chapter, 

the compression process in a spark-ignition engine prior to combustion may be 

regarded as polytropic. The exponent for the compression process in a spark 

ignition engine is typically close to 1.3 [Heywood 1988]. Accordingly, the 

pressure rise during the early part of the compression stroke will be small 

compared to that which occurs at later crank angles.

It is worth noting that optically accessed engines of the type used in the 

present study typically suffer from excessive crevice flow and blow-by rates, 

thus restricting the in-cylinder pressure rise during compression. 

Consequently, it has been suggested that the cylinder pressure histories of 

these engines may be unrepresentative of the conditions found in a true 

thermodynamic engine. The author acknowledges the necessary differences 

between the thermodynamic and optically-accessed combustion system 

designs. However, the effects of these differences are known to be most 

pronounced towards the end of the compression stroke. During the induction 

stroke and the early part of the compression stroke, therefore, the magnitude of 

the cylinder pressure change in the experimental engine is not expected to 

differ significantly from a conventional (non-optically accessed) engine

2 Although a decrease in cylinder pressure after EOI is thought to be responsible for the 

decrease in pre-spray deceleration seen between the SOI timings of 480 and 510 CAD, the 

main spray structures do not seem to be affected.
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design. Note that fuel injection into a high-pressure environment such as that 

which might be expected to occur with a late compression-stroke injection 

strategy was not investigated in this study.

Gas-flow effects

The foregoing discussion suggests that the temporal and spatial 

development of the experimental fuel sprays for SOI timings prior to 630 

CAD will be dominated by the state of the in-cylinder gas flows at SOI. The 

nature of the gas-flows within the experimental combustion system has been 

the subject of extensive experimental and numerical study [Han et a l 1996, 

1997a, 1997b, Fan et a l 1999]. The results of these studies suggest that the in

cylinder bulk air motion does not follow either of the conventional swirl or 

tumble models. In fact, the design of the induction system is intended to 

induce the formation of two vertical, counter-rotating vortices on either side of 

the image plane. Thus, the bulk air motion during the induction is expected to 

follow a complex helical flow pattern as shown in Figure 4.30 (overleaf).

At this point, it is convenient to sub-divide the in-cylinder gas flows 

into two distinct groups: intake gas flows consisting of the valve curtain and 

intake jet flows as illustrated in Figure 4.31, and intake-generated flows, 

which are principally large-scale rotational motions within the cylinder. Since 

the strength and direction of both the intake and intake-generated gas flows are 

subject to significant temporal variations it is to be expected that their effects 

on the injected fuel sprays will vary with fuel injection timing. The following 

discussion considers the effects of these two gas flow regimes on the 

individual fuel spray structures shown in §4.5 and their subsequent liquid- 

phase fuel distributions.

The symmetrical nature of the spray images shown in Figures 4.8 and 

4.10 suggest that, for very early injection timings (SOI at 390 or 420 CAD), 

neither flow regime significantly affects the injected sprays. This is thought to 

be due to the relatively low momentum of the intake gas flow before and 

during the injection event, allied with the short distance between the injector 

nozzle and the descending piston crown. Prior to SOI, the intake gas flow 

lacks sufficient momentum to establish significant large-scale (intake

generated) motion within the cylinder. Similarly, during the injection event
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itself, the incoming gases have neither the time nor the strength to affect the 

injected spray before the fuel impinges on the piston crown. In contrast, the 

spray images presented in Figures 4.12 and 4.15 (when SOI occurs at 450 and 

480 CAD respectively) clearly show the global spray structure to be deflected 

away from the intake-valve side o f the cylinder. This deflection, which is

Figure 4.30: Computed streamlines (ribbons) at 420 CAD [Han et al. 1997a]
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Wall je t flow

Central jet 
flow

Figure 4.31: Velocity contours on two cutting planes at 450 CAD [Han et al. 1997a]

believed to result from the increased momentum of the intake gas flows found 

at this time, is predicted by published numerical studies o f the experimental 

combustion system [Han el al. 1997a, 1997b]. These numerical studies 

suggest that a strong jet-like gas flow is formed from the valve curtain flows in 

the central region between the two intake valves as shown in Figure 4.31 

above. This central gas jet is estimated to impact directly on the centrally 

injected fuel spray.

Since the intake flow momentum changes throughout the induction 

process, it is to be expected that, for a given speed and load, the lateral 

deflection of the injected spray structures under the influence of the central jet 

flow will vary with injection timing. The experimental results presented in 

Table 4.4 clearly support this view. The maximum deflection o f the injected 

sprays (indicated by the spray axis inclination) is shown to occur when SOI is 

timed between 450 and 510 CAD — a period when the gas jets are known to 

be at their highest momentum [Han et al. 1997b], It should be noted that the 

momentum of the intake jet flows will also change with engine speed and 

load. Accordingly, the degree o f lateral deflection shown by the injected 

sprays for a given injection timing would be expected to increase with 

increasing engine speed. This relationship between engine speed and fuel 

spray deformation at a fixed injection timing was demonstrated in a similar 

centrally-injected GD-I combustion system to the experimental apparatus by
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Stanglmaier et a l [1998].

The intake gas flows also affect the entrainment of air into the injected 

fuel spray structures. The formation of toroidal vortex structures on the outer 

shoulders of hollow-cone fuel sprays injected into quiescent environments has 

been widely reported [Kume et a l 1996, Zhao et a l 1996, Parrish and Farrell 

1996, Stanglmaier et a l 1998]. These recirculation regions entrain air within 

the spray structure, and transport small droplets and fuel vapour into the spray 

core during injection. Furthermore, the induced vortex motion continues to 

benefit the air-fuel mixing process after the end of the injection event [Kume 

et a l 1996]. The results of the present study suggest that vortex formation on 

the spray shoulders is strongly inhibited by the interaction of the intake gas 

flow and the injected sprays.

The injected spray structures for SOI timings o f 450, 480 and 510 

CAD, i.e. fuel injection during the period of high intake gas flow momentum, 

exhibit notably different entrainment characteristics on either side of the bore. 

In each case, there is clear evidence of vortex formation and air entrainment 

on the exhaust-valve side o f the spray. In contrast, no evidence o f either 

process is seen on the intake-valve side of the spray. Figures 4.12, 4.15, and 

4.18 show the respective light-sheet images for these three injection timings. 

For the later SOI timings of 540, 570, and 600 CAD, i.e. injection during a 

period of low intake flow momentum, air entrainment is observed at both 

edges of the fuel sprays (Figures 4.20, 4.22, and 4.25).

The suppression of the shoulder vortices during periods of high intake- 

flow momentum can be explained by consideration of the relative velocity 

between the injected fuel droplets and the in-cylinder charge. Results 

presented earlier in this discussion have shown a jet-like flow acting in the 

image plane to impact the centrally-injected fuel spray. It is believed that, due 

the impingement of the jet-flow on the spray structure, the local relative 

velocity between the fuel droplets and the in-cylinder gas flow is reduced. 

Accordingly, the magnitude of the viscous drag forces, which lead to the 

formation of ‘roll-up’ vortices, will be reduced on the intake-valve side of the 

spray. This hypothesis is supported by the results of the present study and the 

experimental results of Stanglmaier et a l [1998].

Although the fuel spray structures are clearly influenced by the intake
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gas flow when SOI occurs at 450 or 480 CAD, it is interesting that in both 

cases the hollow conical shape of the spray structure is maintained until EOI. 

This suggests that, at these injection-timings, the large-scale (intake- 

generated) charge motion lacks the necessary momentum to influence the 

behaviour of the injected fuel sprays. This is clearly not the case when SOI 

occurs at 510, 540 or 570 CAD. As the injection timing is retarded, the conical 

structure of the injected sprays is shown to be increasingly modified by the 

effects of an intake-generated rotational motion within the two-dimensional 

image plane (Figures 4.18, 4.20, and 4.22). The spray’s axial penetration on 

the exhaust-valve side of the bore is enhanced, while the spray penetration on 

the intake-valve side is diminished. At the same time, the deflection of the 

spray towards the exhaust-valve side of the cylinder is progressively reduced 

due to the reduced momentum of the incoming gas flows.

The increasing influence of the large-scale (intake-generated) gas 

flows on the injected spray structures is explained by considering the 

momentum of the intake gas flows and the effects of compression on the 

intake-generated charge motion. When injection occurs late in the induction 

stroke or in the first half of the compression stroke, the intake gas flow reaches 

its highest momentum time-period before SOI. Thus, significant large-scale 

charge motion is established within the cylinder prior to the injection event. 

Typically, this charge motion is enhanced during the compression process 

through the conservation of angular momentum [Benjamin 1992]. 

Accordingly, the effects of the large-scale (intake-generated) flow structures 

on the injected sprays will also increase as the SOI timing is moved towards 

TDC (firing). It should be noted however, that the ordered bulk flow motion is 

expected to breakdown into small-scale turbulence during later stages of 

compression. Therefore, fuel injected late in the compression stroke is not 

expected to encounter any ordered gas-flow motion.

The results shown in Figure 4.25 indicate that the intake-generated 

charge motion continues to influence the temporal and spatial development of 

fuel sprays injected after the closure of the inlet valves (594 CAD). In this 

case (SOI at 600 CAD), the global spray structure is deformed in a similar 

manner to that seen when SOI occurs at 540 or 570 CAD. The aforementioned 

tumble enhancement due to the compression process is clearly shown by the
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rapid fluid flow across the piston crown and the tearing of liquid fuel from the 

piston surface (Figure 4.26c). However, despite the obvious strength of the 

intake-generated flows at this injection timing, the spray structure is seen to be 

almost vertical; hence, indicating the absence of an intake gas-flow. The final 

set of light-sheet images in the experimental series (Figure 4.27) suggests the 

absence of an ordered flow motion during the injection event when SOI occurs 

at 630 CAD. In contrast to the previous case (SOI at 600 CAD), no liquid flow 

is seen on the piston surface. Thus, the results of the present study support the 

numerical prediction of charge motion breakdown in the experimental 

combustion system at approximately 610 CAD made by Han et al [1997a].

Fuel spray effects

Foregoing discussions have considered the effects of injection timing 

— through temporal variations of cylinder pressure, intake flow momentum, 

and bulk flow motion — on fuel spray structures in the experimental GD-I 

combustion system. However, it should be emphasised that the observed 

variations in spray behaviour are the result o f interaction between the injected 

fuel and the in-cylinder charge. The spray itself has a momentum and may, 

therefore, affect the bulk flow motion. The experimental results provide some 

elucidation of these fuel spray effects as follows. The rapid deformation of the 

spray structure shown in Figure 4.20 indicates the presence of an anti

clockwise rotational motion in the imaging field-of-view around SOI (540 

CAD). In contrast, little or no rotational motion is seen in images collected at 

this crank angle when SOI occurs at 450 or 480 CAD. The lack of large-scale 

rotational charge motion at BDC in these early injection cases suggests that 

the in-cylinder bulk flow differs from that seen for the case of SOI at 540 

CAD as a result of the fuel injection process itself.

The suppression of large-scale rotational charge motion by fuel-spray 

generated gas flows in a centrally-injected GD-I combustion system was first 

predicted by the numerical studies of Han et a l [1997a, 1997b]. The results of 

the present experimental study suggest that the degree by which the fiiel-spray 

generated gas flows influence the formation of large-scale flow structures 

within the cylinder varies with injection timing. Early injection timings are 

seen to restrict the formation of coherent large-scale gas motion, while the
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effects of late injection timings on the — by then established — rotational 

flows are minimal.

Liquid-fiiel films

The images presented in §4.5 indicate that fuel injection timing exerts 

a significant influence on the formation of liquid fuel films on the piston 

crown and cylinder liner. The reader will recall that the actual impingement of 

liquid fuel onto the cylinder wall may not been seen with the present 

experimental set-up. Accordingly, the spray/wall impingements described 

earlier in this chapter are based on the analysis of digital spray movies 

generated from the author’s experimental results. Animation of the results 

allows the velocity and direction o f the droplet motion close to the bore to be 

assessed with reasonable accuracy. Spray/wall impingement was assumed in 

cases where the fuel droplets close to the cylinder walls were seen to be 

travelling with sufficient momentum and in such a direction as to suggest that 

impaction was very likely.

With regard to the liquid fuel deposited on the piston crown, it should 

be noted that the pre-spray fuel mass is seen to strike the piston crown 

regardless of injection timing. Accordingly, its influence on the variation of 

liquid fuel deposits with injection timing will be negligible and, hence, the 

pre-spray it is not discussed further in this context. The results presented in 

§4.5 show the direct impingement of the main spray body on the piston to 

occur for all injection timings between 390 to 480 CAD. Within this period, 

the quantity of fuel deposited on the piston surface is progressively reduced as 

SOI occurs later in the induction stroke. This result follows logically from the 

relative positions of the piston and injector during the injection event. For very 

early injection timings (SOI at 390 or 420 CAD), the piston is close to the 

injector tip for much of the injection event (Figures 4.8 and 4.10 refer). For 

SOI timings later in the induction stroke (SOI at 450, and 480 CAD, Figures, 

4.12 and 4.15 respectively), the distance between the piston and injector 

nozzle during the injection period is markedly increased. The degree of spray 

impingement (and hence the quantity of liquid fuel deposited) on the piston 

crown is reduced accordingly.

Interestingly, although the results for SOI at 510 CAD suggest that
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there is no direct impingement of fuel on the piston during the induction 

stroke, the area of the fuel film on the piston surface at spark is seen to be 

greater than that observed for earlier injection timings. In this instance, the 

formation of the liquid fuel film is due to the precipitation of airborne droplets 

during the compression stroke. As the injection timing is retarded further 

towards TDC firing (from 510 to 570 CAD), the amount o f airborne fuel 

precipitated on the piston crown is seen to increase. This result follows from 

the progressive reduction in the time available for droplet evaporation and the 

reduced cylinder volume at the time o f injection. At later injection timings 

(SOI at 600 and 630), the relative position of the injector nozzle and piston 

crown are again such that direct impingement of the spray is inevitable.

As regards cylinder wall wetting, the experimental results for early 

induction stroke injection timings (SOI at 390 and 420 CAD) indicate that 

wall-wetting will occur on both sides of the cylinder bore. In the earlier 

injection case this wall-wetting is seen to occur as a result of liquid fuel flow 

across the piston crown, in the later case however, the wall wetting occurs as a 

result of direct spray impingement. When the injection timing occurs later in 

the induction stroke (SOI at 450,480 and 510 CAD), the experimental results 

have shown the spray to be deflected away from the intake-valve side o f the 

bore under the influence of the intake gas flow. This deflection (indicated by 

the values of spray axis inclination listed in Table 4.4) has the effect of 

reducing the amount o f liquid fuel deposited on the cylinder walls, since direct 

spray impaction on the intake-valve side of the bore is decreased accordingly. 

Later results suggest that there is again direct spray impingement on both sides 

of the bore when SOI occurs at, or after, BDC induction. This result follows 

from the reduced lateral deflection of the sprays seen at these injection 

timings.

4.8 Engine Emission Results

In addition to providing the GD-I hardware used throughout this study, 

the Ford Motor Company allowed the author access to engine data from their 

single-cylinder GD-I test program. Emission tests, using the same 

experimental combustion system and fuel injector employed on the UCL 

optical engine, were performed over a wide range of operating conditions. It
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Table 4.5: Standard Test Conditions for Selected GD-I Emissions Tests (Thermodynamic 

Engine)

Engine Speed (rpm) 1500
Fuel/Air Equivalence Ratio 1.0
IMEP (bar) 3.85
Ignition Timing MBT
Water Temperature (°C) 87.8
Oil Temperature (°C) 87.8
Air Temperature (°C) 37.8

should be noted that the Ford GD-I combustion system used in this study was 

designed for stoichiometric, homogeneous charge operation. The system was 

not intended for use with late (compression stroke) injection timings; 

consequently, no emissions data was recorded for SOI timings retarded 

beyond 570 CAD.

The results presented in this section represent those test runs whose 

operating conditions — summarised in Table 4.5 above —  best match the 

operating conditions used during the capture of the fuel spray images. In all
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Figure 4.32: The effect o f injection timing on ISCO emissions
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cases, the emissions data was collected over 256 consecutive engine cycles at 

maximum brake-torque (MBT) ignition timing. Figure 4.32, previous page, 

shows the effect o f fuel injection timing on indicated specific carbon 

monoxide (ISCO) emissions. The raw data from which these results were 

derived was noted to suffer from minor inconsistencies in the air/fuel ratios 

measured during the tests. The sensitivity o f CO emissions to changes in the 

mixture strength is known to be relatively high at the experimental operating 

conditions. Therefore, a linear correction factor — derived from the combined 

results of two, fixed injection timing, AFR sweeps —  has been applied to the 

raw experimental data. This approximate correction technique, detailed in 

Appendix D, was seen to reduce the scatter in the experimental results, thus 

highlighting the relationship between the fuel injection timing and ISCO 

emission levels. The corrected results show a rapid increase in ISCO levels as 

the SOI timing is retarded from 360 to 480 CAD. Further retardation of the 

SOI causes a slight fall in ISCO emissions, between 480 and 510 CAD, before 

emission levels increase again beyond 510 CAD.

Figure 4.33, below, shows the effect of fuel injection timing on 

indicated specific oxides of nitrogen (ISNOx). Between 360 and 450 CAD,
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retardation of the SOI timing produces a progressive decrease in ISNOx 

emissions. Further retardation o f the SOI timing, between 450 and 510 

CAD,initially results in a sharp decrease in ISNOx emissions followed by a, 

more gradual, partial recovery. The minimum ISNOx emissions level occurs 

when SOI is at 480 CAD. Retardation of the SOI timing beyond 510 CAD 

does not significantly effect ISNOx emission levels. The effect o f fuel 

injection timing on the indicated specific hydrocarbon (ISHC) emissions is 

shown in Figure 4.34. The results indicate that ISFIC emissions are generally 

less sensitive to changes in SOI timing than are ISNOx and ISCO emissions. 

The peak hydrocarbon emission level occurs when SOI is at 360 CAD. As the 

SOI timing is retarded from 360 CAD the ISHC emission levels decrease, 

reaching a minimum value at 480 CAD. It should be noted that although the 

figure appears to show a sharp increase in ISHC levels as the SOI timing is 

retarded further than 555 CAD additional data points would be required to 

confirm this trend.
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4.9 Phenomenological Emissions Modelling

The results o f the present study have shown the liquid fuel distribution within 

the cylinder to be greatly affected by changes in fuel injection timing. It is to 

be expected, therefore, that the vapour distribution at spark, and hence engine- 

out emissions levels, will be similarly influenced. In fact, the experimental 

results shown in §4.5 suggest that the variation o f exhaust emissions with the 

start of injection timing presented in §4.8 is controlled by the degree o f charge 

inhomogeneity at spark. The effects of local charge inhomogeneity on engine 

emissions can be modelled approximately by separating the charge into well- 

mixed and poorly mixed regions [Shayler et al. 1990]. The emissions models 

presented below, although based upon the work of Shayler et al., have been 

modified by the author to better describe mixture preparation in a GD-I 

engine.

Figure 4.35, below, illustrates schematically how the CO emissions 

from a mixture of fixed overall air/fuel ratio are expected to vary with 

changing mixture preparation. Note that the scale o f the air/fuel ratio changes 

shown in the figure has been exaggerated in order highlight the expected 

trends. In all cases, the bulk of the in-cylinder charge is assumed to be well
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Figure 4.35: The effects o f mixture preparation on CO emissions
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mixed with an air/fuel ratio AFRB. For fully mixed homogeneous charge, the 

bulk air/fuel ratio AFRB will be equal to the overall air/fuel ratio AFRo (point 

A). In this case, CO emissions are wholly determined by the overall air/fuel 

ratio. If, however, the injected fuel distribution consists of a homogeneous 

bulk charge and a quantity of unmixed liquid fuel, AFRB will be increased 

(say to point B). Since the liquid fuel does not directly contribute to CO 

production, CO emission levels will be reduced relative to the fully mixed 

charge. For an inhomogeneous vapour mixture, the in-cylinder charge is 

modelled in three parts: the bulk charge with an air/fuel ratio of AFRB, a rich 

pocket with an air/fuel ratio of AFRr and a lean pocket with an air/fiiel ratio of 

AFRl . In this case, AFRB will be higher than AFRo (say at point C), although 

it may reasonably be expected to be lower than the bulk air/fuel ratio found 

when there is incomplete vaporisation of the injected fuel. Assuming that 

AFRr and AFRl are evenly distributed about AFRB (say at points C r  and C l  

respectively), the increase in CO emissions (relative to those due to AFRB) 

due to the rich pocket will dominate over the decrease due to the lean. Thus, 

CO emissions for any given AFRB increase with increasing charge 

inhomogeneity.

A similar analysis may be applied to the emissions of NOx from 

the experimental combustion system. Figure 4.36, overleaf, illustrates 

schematically how NOx emissions for a fixed overall air/fuel ratio are 

expected to vary with changing mixture preparation. For a homogeneous fully 

mixed charge, the bulk air/fuel ratio AFRB will be equal to the overall air/fuel 

ratio AFRo (shown at point A). If  however, the injected fuel distribution 

consists of a homogeneous bulk charge and unmixed liquid fuel, AFRB is 

increased (say to point B) the NOx emissions are changed. Provided that AFRB 

remains below the value at point D in Figure 4.36, NOx emissions will be 

increased relative to the ideal mixing case. When AFRB exceeds the value at 

point D, however, NOx emissions will tend to decrease relative to the ideal 

mixing case.

For an inhomogeneous vapour mixture, AFRB is again increased (say 

to point C) typically increasing NOx emissions. However, the effects o f charge 

homogeneity within the vapour mixture are more complex than is the case for 

CO emissions. Assuming that AFRr and AFRl are evenly distributed about
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Figure 4.36: The effects o f mixture preparation on NOx emissions

AFRb, there is expected to be little change in NOx emissions (relative to those 

due to AFRb) until AFRl, exceeds the air/fuel ratio for peak NOx emission. 

This is due to the initially opposing effects of the rich and lean fuel pockets. 

From the point at which AFRl exceeds this value, it is expected that NOx 

emissions (relative to the emissions due to AFRb) will decrease rapidly with 

increasing charge inhomogeneity.

It has been shown that NOx emissions are directly influenced by the 

quantity o f liquid fuel remaining in the cylinder at the time of combustion due 

to the consequent changes in the bulk air/fuel ratio. However, this is not the 

only mechanism by which this liquid fuel may influence NOx emissions. The 

evaporation process requires that thermal energy is absorbed by the fuel from 

its surrounding environment. Thus, evaporation of airborne droplets in a GD-I 

engine tends to reduce the temperature of the surrounding charge, lowering 

NOx emissions. In contrast, evaporating liquid fuel-films mainly absorb 

thermal energy from the surfaces on which they lie. In this case, the 

temperature o f the charge is not significantly changed. Consequently, it is
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expected that, for a given air-fuel ratio, NOx emissions will be strongly 

influenced by the amount o f fuel that is vaporised from airborne droplets 

relative to the amount that is vaporised from surface films. Note that the net 

effect o f charge cooling on the author’s proposed NOx emissions model is to 

either raise or lower the entire emissions curve o f the system as indicated in 

Figure 4.36.

Figure 4.37, below, illustrates schematically how HC emissions for a 

fixed overall air/fuel ratio are expected to vary with changing mixture 

preparation. For a homogeneous fully mixed charge, the bulk air/fuel ratio 

AFRb will be equal to the overall air/fuel ratio AFRo (shown at point A). If 

the injected fuel distribution consists of a homogeneous bulk charge and 

unmixed liquid fuel, A F R r is increased (say to point B) and HC emissions 

from the bulk charge decrease. Overall HC emissions, however, are expected 

to rise due to the increase in unburned fuel. For an inhomogeneous vapour 

mixture, the in-cylinder charge is again modelled in three parts: the bulk 

charge with an air/fuel ratio of AFRB, a rich pocket with an air/fuel ratio of 

A F R r and a lean pocket with an air/fuel ratio o f A F R l .  In this case, AFRB will

Cr

A C BC r Cl

AFRr AFRo AFRb AFRl

Air/Fuel Ratio

Figure 4.37: The effects o f mixture preparation on HC emissions

135



LIQUID-PHASE FUEL DISTRIBUTIONS IN A FIRING GD I ENGINE

be higher than AFRo (say at point C), decreasing HC emissions with respect to 

the ideal mixing case. With increasing charge inhomogeneity, HC emissions 

from the rich pocket will increase — relative to the HC emissions due to 

AFRr. In contrast, the HC emissions from the lean pocket will initially 

decrease (relative to the emissions due to AFRb) with increasing charge 

inhomogeneity before increasing rapidly as AFRl reaches the limits of 

flammability. Therefore, for a given bulk air/fuel ratio, HC emissions are 

expected to be largely insensitive to increasing charge inhomogeneity until 

such time as the lean areas of the charge exceed the limits of flammability. HC 

emissions are expected to increase substantially with increasing charge 

inhomogeneity from this point. It should be noted at this stage that the above 

model identifies the expected HC emissions trends as predicted by 

consideration of the air/fuel ratio alone. There are many potential sources of 

HC emissions within an internal combustion engine: quench layers, crevices, 

and oil film absorption and desorption will all contribute to the base level of 

HC emission at a given injection timing. In many circumstances these 

contributions may dominate. It must also be recognised that not all o f the 

hydrocarbons that escape combustion actually leave the cylinder. Complex 

postflame processes may oxidise up to 90% of the surviving hydrocarbon fuel 

prior to exhaust [Hochgreb 1998].

It has been suggested that the variation o f CO, NOx, and HC emissions 

with the start o f injection timing shown in §4.8 is largely due to the effects of 

charge inhomogeneity at the time of combustion. However, considering the 

above emissions models in conjunction with the experimental results shown in 

§4.5 suggests that, while this is essentially true, charge homogeneity is itself 

dependent on the in-cylinder evaporation and mixing processes. Fuel 

vaporisation, in particular, is affected by the position, timing, and degree of 

piston and cylinder-wall spray impingement. Air-fuel mixing, on the other 

hand, is mainly dependent on the strength of both the in-cylinder gas flows 

and the time available for the mixing processes to occur.

It is convenient to consider the effects of these processes on the 

mixture preparation in three discrete phases: SOI between 360 and 480 CAD, 

SOI between 480 and 510 CAD, and SOI between 510 and 570 CAD. In the 

first phase (when SOI occurs between 360 and 480 CAD), the experimental
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results show the amount of liquid fuel deposited on the piston crown and 

cylinder walls to decrease progressively as the injection timing is retarded. 

The quantity of the injected fuel vaporised before combustion is expected to 

increase in proportion to the reduction in wall-wetting; thus, progressively 

decreasing the bulk air/fuel ratio at the time of spark. The reduction of liquid 

wall films also suggests that a greater proportion of the injected fuel 

evaporates from airborne droplets and a corresponding reduction of the in

cylinder charge temperature is expected. At the same time, the images show 

the intake-generated flow structures to be largely suppressed by the effects of 

spray-induced gas flows. This effect weakens as the injection timing is 

retarded, thus progressively increasing the efficiency o f the air-fuel mixing 

process. However, retarding the injection timing also reduces the time 

available for effective air-fuel mixing to occur. As a result of these two 

contradictory effects, the efficiency o f air-fuel mixing process is not thought to 

change significantly with a variation of SOI timing between 390 and 480 

CAD.

In the second phase (when SOI occurs between 480 and 510 CAD), the 

experimental results show an increasing quantity of liquid fuel on the piston 

crown at spark. Consequently, the bulk air/fuel ratio within the cylinder is 

thought to increase as the injection timing is retarded: charge cooling is 

expected to decrease accordingly. The effects of injection timing on the air- 

fuel mixing processes during this phase are expected to be neutral. The same 

arguments as presented earlier for SOI between 390 and 480 CAD apply.

In the third phase (when SOI occurs between 510 and 570 CAD), the 

experimental images indicate that the quantity of liquid fuel on the piston 

crown at spark continues to increase as injection timing is retarded. More 

importantly, however, the spray images collected in this period have shown a 

marked distortion of the injected spray structures due to the presence of a 

large-scale (intake-generated) rotational gas flow. The major effect of this 

flow, which is seen to strengthen as the injection timing is retarded, is to bias 

the liquid fuel distribution towards the exhaust-valve side of the cylinder bore. 

It is reasonable to expect that the vapour-phase distribution will be similarly 

influenced. Worse still, as the injection timing is retarded, the time available 

for the air-fuel mixing processes to effectively compensate for the increasing
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level of charge inhomogeneity is progressively decreased. During this phase, 

therefore, it is believed that the effects of increasing charge inhomogeneity 

will dominate over those of the decreasing bulk air/fuel ratio.

Referring to the phenomenological emissions models presented earlier 

in this discussion, the progressive decrease in bulk air/fuel ratio and the 

corresponding reduction of charge temperature predicted to occur as SOI is 

retarded from 390 to 480 CAD are both expected to reduce NOx emissions. 

Similarly, the reduction of liquid fuel films during this period is predicted to 

decrease HC emissions. It is noticeable, however, that Figure 4.34 does not 

indicate any significant reduction in HC emission until SOI occurs later than 

450 CAD. Conversely, the progressive decrease in bulk air/fuel ratio during 

this phase is expected to increase the emission of CO. These emissions trends 

are predicted to reverse when SOI occurs between 480 and 510 CAD. The 

increasing levels of liquid fuel impingement on the piston and cylinder liner 

and the corresponding reduction in charge cooling predicted to occur in this 

period are expected to lead to increasing levels of HC and NOx emission. CO 

emissions are expected to decrease accordingly.

It has been suggested that the effects of large-scale charge 

inhomogeneity dominate over the effects of the changing bulk air/fuel ratio 

during the third phase under consideration (when SOI occurs between 510 and 

570 CAD). Accordingly, the author’s phenomenological model predicts that 

NOx emissions will be largely unaffected until the air/fuel ratio of the lean 

areas exceeds the value giving peak emissions. Once this value has been 

exceeded, the model suggests that NOx emissions will decrease with 

increasing charge inhomogeneity. CO emissions in this phase are predicted to 

increase with the increasing inhomogeneity o f the charge. The reader will 

recall that liquid-phase fuel is not considered to contribute to the production of 

CO within the author’s emissions model. HC emissions, on the other hand, are 

expected to increase as the SOI timing is retarded from 510 to 570 CAD due 

to the increasing levels of liquid fuel present within the cylinder at spark.

In general, the trends predicted by reference to the recorded behaviour 

of the liquid-phase fuel and the author’s phenomenological models show good 

agreement with the experimental emissions results presented in §4.8 of this 

work. There are, of course, some areas o f disagreement between the predicted
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and measured trends. Analysis o f the fuel imaging results has suggested that 

the quantity o f liquid fuel in the combustion chamber at spark increases 

progressively as the SOI timing is retarded from 510 to 570 CAD. Therefore, 

according to the author’s model, HC emissions should rise at a continuously 

increasing rate in the interval 510 CAD to 570 CAD. In fact, the results of the 

single-cylinder emissions tests shown in Figure 4.37 show a slight decrease in 

HC emissions as SOI is retarded from 510 to 540 CAD. HC emissions only 

rise again if the fuel injection timing is retarded beyond this point. It is 

believed that the reduction of HC emissions when SOI is retarded from 510 to 

540 CAD is probably due to a decrease in spray/wall impingement. Although 

the amount o f liquid fuel on the piston surface at the end of the compression 

stroke is noted to increase as the injection timing is retarded from 510 to 540 

CAD, cylinder wall wetting is reduced. The experimental results presented in 

§4.5 suggest that cylinder wall wetting is at a minimum when SOI occurs at 

540 CAD, with little evidence of direct spray/wall impaction on either side of 

the bore. Wall-wetting location has been shown to affect HC emissions from 

spark-ignition engines [Stanglmaier et a l 1999]. It is interesting to note that 

the results of the referenced study suggest that, for a fixed quantity of liquid 

fuel, wall wetting on the exhaust-valve side o f the bore will yield higher HC 

emissions than wetting of the piston crown.

The single-cylinder emissions data presented in Figure 4.33 shows 

NOx emissions from the experimental combustion system to be largely 

insensitive to changes of SOI timing in the period 510 to 570 CAD. Thus, the 

experimental emissions results do not agree with the predicted NOx behaviour 

described earlier in this discussion. The insensitivity of the measured NOx 

emissions to the effects of injection timing in this range is interesting. It 

suggests that the effects of the increased bulk air/fuel ratio and reduced levels 

of charge cooling on NOx formation in this period, remain in approximate 

balance with the contrary effects of increasing mixture inhomogeneity.

It will have been noted that the foregoing discussion of CO, NOx, and 

HC emissions assumes a reduction in the bulk air/fuel ratio as a result of 

reducing the amount of liquid fuel deposited on the liner and piston surfaces. It 

is implied, therefore, that there is either incomplete vaporisation or imperfect 

air-fuel mixing due to the presence of these liquid films. This is not
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necessarily true. In some cases, heat transfer from the hot in-cylinder surfaces 

to the liquid fiiel films can actually increase the overall fuel vaporisation rate. 

In this case, the effect is similar to that of extending the time available for 

mixture preparation [Shayler et al. 1990]. The spray images shown in this 

chapter were collected under relatively cold engine conditions — the 

unlubricated top-end of the optical engine precludes extended warm operation 

of the engine. Therefore, it is to be expected that vaporisation from the liquid 

fuel films seen in the UCL optical engine will occur at a slower rate than 

would be the case for a conventional engine under normal operating 

conditions. The evaporation of airborne droplets, on the other hand, will occur 

at realistic rates. Despite the expected differences in film evaporation, 

excellent correlation has been shown between the variation of piston and wall 

impingement with injection timing seen in §4.5 and the similar variation of the 

single-cylinder emissions figures shown in §4.8. The consistency of these 

results suggest that the use of the spray images from a cold optical engine to 

identify emissions trends in a conventional engine under warm operating 

conditions is entirely valid.

4.10 Conclusions

An experimental study was carried out to investigate the effects of fuel 

injection timing on the injected spray structures and subsequent liquid-phase 

fuel development in a firing GD-I engine. Mie-scattered images, covering the 

temporal and spatial development o f the liquid-phase fuel over a period of 

approximately 100 CAD following the start of fuel injection, were obtained 

using a pulsed laser light sheet and rotating-drum camera. Additional images 

were collected through the piston using flood-illumination. Images were 

collected for nine different injection timings ranging from 30 CAD after TDC 

induction (390 CAD) to 90 CAD before TDC compression (630 CAD). The 

observed variations of the fuel spray structure, and the subsequent differences 

liquid-phase fuel distribution and in-cylinder motion, with injection timing 

were correlated with the emissions results of a complementary single-cylinder 

research program.

For injection late in the compression stroke (SOI after 630 CAD), the 

temporal and spatial development of the injected sprays was shown to be
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dominated by the cylinder pressure at SOI. During the induction stroke and the 

early part of the compression stroke, however, the development of the injected 

fuel sprays was seen to be dependent on the state of the intake and intake

generated gas flows at SOI. The respective influences of these flows on the 

spray structures were found to vary significantly with injection timing. Subject 

to the experimental operating conditions, the effects of the intake and intake- 

generated gas flows on the injected sprays structures may be summarised as 

follows:

• For SOI timings prior to 450 CAD, the liquid-phase fuel distributions are 

primarily governed by spray/wall interactions. The injected sprays are not 

significantly influenced by either intake gas flows or intake-generated in

cylinder motion.

• For SOI timings between 450 and 510 CAD inclusive, the injected fuel 

sprays are deflected away from the intake-valve side of the cylinder under 

the influence of the intake gas flow. Vortex formation on the intake-valve 

side of the sprays is suppressed. The maximum spray deflection occurs 

when SOI is timed for 450 or 480 CAD. No significant deformation of the 

spray under the influence of the intake-generated in-cylinder motion is 

seen.

• For SOI timings between 540 and 600 CAD inclusive, the injected sprays 

are significantly deformed by the large-scale intake-generated tumbling 

motions present at SOI. The axial penetration of the spray is enhanced on 

the exhaust-valve side of the bore and inhibited on the intake-valve side of 

the bore. The deflection of the spray structure by the inlet gas flow is 

reduced as injection timing is retarded.

Direct (in-cylinder) injection was itself shown to influence the large- 

scale (intake-generated) gas motions within the cylinder. This effect was 

shown to be particularly significant at early induction stroke injection timings. 

Moreover, the formation, location, and density of liquid films within the 

cylinder were shown to be dependent on fuel injection timing. With regard to 

exhaust emissions, the excellent correlation between the fuel spray images and
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the results of the single-cylinder emissions test program show that:

• For SOI timings prior to 480 CAD, and subject to the experimental 

operating conditions, exhaust emissions are dominated by the progressive 

decrease in spray/wall and spray/piston impingement.

• For SOI timings between 480 and 510 CAD inclusive, and subject to the 

experimental operating conditions, exhaust emissions are dominated by the 

progressive increase in liquid fuel deposited on the piston crown towards 

the end of the compression stroke.

• For SOI timings after 510 CAD, and subject to the experimental operating 

conditions, exhaust emissions are dominated by increasing charge 

inhomogeneity and short air-fuel mixing times.

Furthermore, the results presented in this chapter suggest that:

• Liquid-phase fuel images from a cold optically accessed GD-I engine can 

legitimately be used to predict emissions trends in conventional GD-I 

engines operating under normal running conditions.

• The presence of large quantities o f small fuel droplets in the cylinder of a 

GD-I engine allows the liquid-phase fuel distribution and in-cylinder air 

motion to be studied simultaneously using established laser techniques.

• The spray/gas interactions within the cylinder of a GD-I engine are such 

that the intake and injection processes should no longer be considered as 

separate for development purposes.

The experimental work presented in this chapter adds significantly to 

the existing pool of knowledge regarding fuel spray/gas flow interactions in a 

centrally-injected four-valve GD-I engine. Moreover, the study provides 

valuable baseline data for the validation of the combined Mie-scattering/PLIF 

studies presented in following chapter of this work.
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Chapter 5

Influence of Fuel Composition on Mixture Formation in a 

Firing GD-I Engine

The results of an experimental study into the effects of fuel 

composition on the temporal and spatial development of injected fuel sprays 

and their subsequent liquid- and vapour-phase distributions within a firing 

GD-I engine are presented. A comparison is made between the spray 

characteristics and the resultant in-cylinder fuel distributions of a typical 

multi-component gasoline (European specification premium-grade unleaded), 

a single-component research fuel (iso-octane), and a three-component research 

fuel (zso-pentane, /5 0 -octane, and w-nonane). The fuel distributions were 

visualised by Mie-scattering and PLIF techniques under both cold and part- 

warm conditions.

5.1 Introduction

The liquid-phase fuel images and single-cylinder emissions results 

presented in Chapter 4 of this work suggest that fuel injection timing plays a 

significant role in determining the state of mixture preparation in a GD-I 

engine at spark. It was shown that when fuel injection occurred in the later 

part of the induction stroke or in the compression stroke, the exhaust 

emissions from the experimental combustion system were dominated by the 

effects of incomplete vaporisation and air-fuel mixing. This is, perhaps, to be 

expected. Relative to conventional PFI engines, GD-I engines are 

characterised by the short time available for mixture preparation. Accordingly, 

it may also be expected that mixture preparation in GD-I engines will be more 

sensitive to the influences of fuel volatility than their equivalent PFI units 

[Sandquist et al 1998]. Indeed, studies of tailpipe exhaust emissions from a 

production GD-I engine over federal test procedure (FTP) and highway fuel 

economy cycles have shown a strong dependency on fuel composition [Cole et 

al. 1998].
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The effects of fuel volatility on early spray development may be 

particularly significant. It has been shown that, subject to suitable ambient 

conditions, flash boiling of high volatility components in the fuel can change 

the hollow cone structure of a typical GD-I high-pressure swirl injector to a 

solid cone distribution [Hochgreb and VanDerWege 1998]. Typically, this 

change in spray structure is accompanied by a marked reduction in the mean 

droplet size. Although the effects of flash boiling in PFI engines are relatively 

well understood [Aquino et a l 1998], their consequences in a GD-I engine are 

as yet unknown. The work presented in this chapter is therefore intended to 

extend the present level of knowledge regarding the effects of fuel 

composition on the structure of GD-I high-pressure swirl injector sprays and 

their affect on the subsequent mixture formation.

5.2 Experimental Apparatus

The test facility used for this phase of experimental study consisted of 

the centrally-injected GD-I combustion system and single-cylinder research 

engine detailed in §4.2 of the present work. The fuel injection system, 

induction system, engine dynamometer, and engine drive motor were as 

described in the previous chapter. Additional engine instrumentation, added 

subsequent to the studies presented earlier, consisted of a cylinder pressure 

sensor and charge amplifier, an inlet-manifold pressure sensor, and a universal 

exhaust gas oxygen (UEGO) sensor. Cylinder temperature was measured 

using a conventional K-type thermocouple located approximately 10 mm 

below the level of the cylinder head on the exhaust-valve side o f the bore. The 

thermocouple tip was buried in the optical block to within 0.5 mm of the 

cylinder wall.

The light source used for both the Mie-scattering and PLIF studies 

reported in this chapter was a high-power Nd: YAG laser with a pulse width of 

3-5 ns. The fundamental frequency of laser was doubled to 532 nm for Mie- 

scattered images and tripled to 355 nm for PLIF imaging. The resultant pulse 

energies — measured at 13 Hz — were 200 and 178 mJ at 532 and 355 nm 

respectively. So as to monitor the laser’s performance and stability during 

operation, a beamsampler was used to direct a small percentage (4-6 % 

depending on wavelength) of the laser output to a pyroelectric powermeter.
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The remainder of the laser output was formed into a thin (~ 0.5 mm in the 

image section of the cylinder) vertical light sheet using a combination of 

convex spherical and plano-convex cylindrical lenses. The light sheet was 

directed into the engine via the 45° mirror, entering the cylinder axially 

through the piston crown as detailed in §4.2. As previously, the light sheet was 

aligned along the common injector and spark plug centreline.

The image acquisition system comprised a 12-bit intensified CCD 

camera fitted with a Nikor 60-mm macro lens. The camera was coupled to a 

personal computer via a high speed PCI bus framegrabber. A commercial 

image processing and analysis package ([Image-Pro Plus™ V4.0) was used for 

image capture and post-processing. Camera gating was controlled by a high- 

precision digital delay/pulse generator triggered by a UCL built injector/laser 

control unit (Appendix E). In turn, the injector/laser control unit — which 

triggers the laser output and fuel injection events in addition to the camera 

gating — was synchronised with the engine by pulses from a camshaft 

mounted shaft-encoder. The precision of synchronisation was one CAD.
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Figure 5.1: Schematic diagram of experimental set-up
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Siccring Mirror

Beamsainpler

Figure 5.2: Beam sampling apparatus and light-sheet forming optics

Figures 5.1, previous page, and 5.2, above, illustrate respectively the 

main components o f the test facility and the set-up o f the beam sampling 

apparatus and light-sheet forming optics. Table 5.1, below, summarises the 

specifications o f the experimental imaging system. Both the laser system, with 

its associated optical components, and the CCD camera were pneumatically 

isolated from engine vibrations on UCL built optical benches.

Table 5.1: Imaging System Specifications

Laser source Nd:YAG
Pulse width 3 -  5 ns
Pulse energy @ 532 nm 200 mJ
Pulse energy @ 355 nm 178 mJ
Camera type 12-bit, lens-coupled, intensified CCD
Pixel array 512x512
Camera lens Nikor 60-mm macro, /2.8
Capture & post-processing software Image-Pro Plus™ V4.0
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5.3 Experimental Procedure

A test matrix of two engine variates and three fuel compositions was 

defined. The engine variates were cylinder-block temperature and fuel 

injection timing. The three fuel compositions examined were, a typical full 

boiling-range gasoline (European premium-grade unleaded), a single

component research fuel (z'5 0 -octane), and a three-component research fuel 

consisting of /5 0 -pentane, /5 0 -octane, and w-nonane (20%, 70%, and 10% by 

volume respectively). Experiments were performed at four cylinder-block 

temperatures (20, 30, 40, and 50° C), subject to the engine operating 

conditions previously shown in Table 4.2. The intake air temperature for all 

tests was in the range 26 -  30 °C. The spray behaviour of the three fuels and 

their subsequent in-cylinder distributions were recorded, using Mie-scattering 

and PLIF imaging techniques, for three different injection timings (SOI at 420, 

480, and 540 CAD). As identified in the previous chapter of this work, these 

injection timings correspond to wall-guided, intake-flow dominated, and 

charge-motion dominated spray events respectively. Details o f the 

experimental procedures specific to each of the two imaging techniques are 

given in the subsections below.

Mie-Scattering

The Mie-scattering studies reported in this chapter consist of cycle- 

resolved images of all three fuel compositions under investigation. The 

standard test procedure employed during this phase of the experimental study 

was as follows:

• The piston crown, cross-bore windows, and 45° mirror were cleaned.

• The cylinder-block was heated and allowed to cool to the designated test 

temperature (Note that approaching the test point from above in this way 

ensures an even temperature distribution throughout the cylinder at the 

start o f the test).

• The engine was motored to 1500 rpm.

• The dynamometer was switched to constant speed mode.

• The ignition system was enabled.
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• The fuel injection system was enabled

• The dynamometer speed control was adjusted to give a constant 1500- 

rpm engine speed under fired conditions.

• The camera gate and laser trigger were enabled.

• CCD integration was enabled.

• At the end of the integration period the CCD chip was read out to the 

personal computer

• Finally, the resultant image was stored to disc as 12-Bit tagged image 

file format (TIFF) files

Figure 5.3, below, illustrates the camera and laser timing sequence for 

the capture of a single laser pulse. The injector delay (measured in crank angle 

degrees from TDC compression), the injection duration, and the flash delay 

(similarly measured in crank angle degrees) are programmable via the

TDC
(Compression)

Shaft Encoder

Injector
Delay

—  Injection 
Duration

Injector / Laser 
Control Box

~ 225 ps — mA h—
A Laser Output

—  Delay B

Delay A —

Gate Generator

CCD Integration

Trigger 1 Trigger 2

Figure 5.3: Timing sequence -  single laser pulse
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injector/laser control box. The flash delay triggers the gate generator and the 

laser output, which occurs approximately 225 ps (corresponding to 

approximately 2 CAD at 1500 rpm) after receipt o f the external trigger pulse. 

Delays A and B control the timing and duration o f the camera gating within 

the CCD integration period.

Typically, CCD integration was enabled some five seconds (or 62.5 

fired cycles) after the commencement o f fuel injection: Four cycle-resolved 

images were captured during each test run. The length o f the read-out and 

storage time from the CCD array to the personal computer precluded the
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Figure 5.4: Camera integration sequences: (a) Mie-Scattering, (b) PLIF
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capture of more than one single-shot image from any two consecutive firing 

cycles. Accordingly, each set of four Mie-scattering images at a given test 

point represents a span of eight firing cycles as shown in Figure 5.4a.

PLIF

The PLIF studies reported in this chapter consist of cycle-averaged 

images of a fluorescent dopant (2,3-butanedione, 10% by volume) carried 

within two of the three fuel compositions under investigation (/so-octane and 

the three-component research fuel). It should be noted that, in the context of 

this work, a cycle-averaged image is taken to represent an integration over a 

given number of firing cycles. Furthermore, in contrast to the cycle-resolved 

image capture described earlier in this chapter, the cycle-averaged images 

were collected ‘on-chip’; the camera being gated the requisite number of times 

within a single CCD integration period. Thus, cycle-averaged images are built 

from consecutive firing cycles. Figure 5.4b, previous page, illustrates the 

camera integration sequence for the capture o f a single, 50 cycle PLIF image 

set consisting of a pre-firing background image, a fuel distribution image, and 

a post-firing background image. Typically, two separate 50-cycle PLIF image 

sets were captured at each test point. Note that the CCD chip only accumulates 

charge in the period when both the CCD integration signal and the camera 

gate signal are high.

The standard test procedure employed for each PLIF image set was as 

follows:

• The piston crown, cross-bore windows, cylinder bore, and 45° mirror 

were cleaned.

• The cylinder-block was heated and allowed to cool to the designated test 

temperature.

• The engine was motored to 1500 rpm.

• The dynamometer was switched to constant speed mode.

• The ignition system was enabled.

• The camera gate and laser trigger were enabled.
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• CCD integration was enabled for a 4 second period (50 cycles) and a 

pre-firing background image collected.

• After 4 seconds the CCD chip was read out to the personal computer.

• The fuel injection system was enabled.

• The dynamometer speed control was adjusted to give a constant 1500- 

rpm engine speed under fired conditions.

• CCD integration was enabled for a further 4 second period (50 cycles) 

and a fuel distribution image collected.

• At the end of this integration period fuel injection was disabled and the 

CCD chip was again read out to the personal computer.

• CCD integration was enabled for a third 4 second period (50 cycles) and 

a post-firing background image collected.

• At the end of the third integration period the CCD chip was read out to 

the personal computer

• Finally, all three images were stored to disc as 12-Bit tagged image file 

format (TIFF) files

5.4 Picture Resolution

Unless otherwise indicated, all o f the Mie-scattered and PLIF images 

shown in this chapter were collected through the engine’s front cross-bore 

window and were recorded on a lens-coupled, intensified, cooled CCD 

camera. The camera had a pixel resolution of 512x512 and a 12-bit grey scale 

resolution (4096 grey levels). A light sheet area of approximately 74 x 56 mm 

was focused onto a 316 x 425 pixel area o f the CCD chip — each pixel 

measured 19-pm square. However, due to the geometry of the cross-bore 

window, the light sheet and pixel areas do not correlate exactly. The window 

is, in effect, a large, negative plano-concave lens. While this does allow the 

full width of the laser sheet to be captured from the front of the engine, the 

resultant images are necessarily distorted. It should be noted that none of the 

images shown in this chapter have been corrected for the distortion caused by 

the cross-bore window’s inner curvature.

The effects of window geometry on the image resolution have been 

considered. The optical characteristics of plano-concave lenses, o f similar
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design to the cross-bore window used in the present study, are well 

documented. Distortion in the axial direction is negligible. Lateral distortion 

due to the curved inner face of the lens, however, is present as a non-linear 

function of the horizontal distance from the lens’s axial centreline. 

Nevertheless, two-dimensional graphical ray tracing of a similar optical 

system to that used in the present work suggests a linear distortion regime over 

the experimental image area [Guerrier 1999]. Accordingly, a 19 x 19 pm pixel 

on the centreline of the presented images represents a 0.13 x 0.13 mm area of 

the image plane. Following the work of Guerrier, an identical 19 x 19 pm 

pixel on the outside edge of the light sheet corresponds to a 0.25 x 0.13 mm 

area of the image plane. It is clear, therefore, that the minimum resolvable 

object size within the presented images will vary according to that object’s 

position in the image plane.

Image resolution is further affected by the optical properties and 

operating characteristics of the imaging device. Rayleigh’s Criterion suggests 

that the spatial resolution of any optical system is ultimately limited by light 

diffraction1. However, outside of the specialist field of microscopy, imaging is 

rarely performed to the diffraction limit. A more practical limit to the spatial 

resolution of a digital image is provided by the Shannon Sampling Theorem. 

The theorem states that in order to preserve the spatial resolution o f the 

original image, a digitising device must use a sampling interval that is no 

greater than one-half the size of the smallest resolvable feature of the optical 

image [Burke 1996]. Accordingly, the maximum spatial resolution o f any, 

non-diffraction limited, image recorded on a CCD array can be no better than 

one-half o f the image’s pixel resolution.

The true spatial resolution o f the presented images is further reduced 

by the effects of blooming and intensifier crosstalk. These two phenomena,

1 Rayleigh’s Criterion gives the smallest resolvable distance between two separate point 

sources, d, as:

d = 1.22 X f7#

where,

X = wavelength

17# = f-number of imaging system
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inevitable features of a lens-coupled, intensified CCD camera system, result in 

the spread of point images to adjacent pixels of the CCD array. Therefore, in 

consideration of the above mentioned image distortion, pixel resolution, 

blooming, and intensifier crosstalk, the true resolution of the presented images 

it is estimated to be better than 0.5 mm.

5.5 Image Processing and Normalisation

The post-processing requirements of the raw 12-bit images obtained 

from the CCD camera system differ substantially according to the applied 

imaging technique. The intensity of a Mie-scattered image is primarily 

dependent on the intensity of the incident light, the droplet number and size 

distribution within the measurement volume, and the collection angle and 

efficiency o f the imaging system. However, scattering intensity is largely 

unaffected by changes in ambient pressure and temperature. Thus, for a given 

pulse energy, collection angle and efficiency, and to a first-order 

approximation, Mie-scattered image intensity is directly proportional to the 

total surface area of the droplets within the measurement volume 

[VanDerWege 1999, Ipp et al 1999].

In contrast, fluorescence intensity is dependent on both the molar 

concentration of the fluorescent compound within the measurement volume 

and, significantly, the photo-physical and chemical properties of the particular 

dopant molecule. Thus, the intensity o f emission is influenced by the dopant 

molecule’s ambient conditions and the frequency and intensity o f the incident 

light source. Meaningful comparison of fluorescence images requires that the 

changes in seed density, charge temperature, and cylinder pressure that occur 

throughout the engine cycle, and the effects of shot-to-shot variations of laser 

intensity and sheet profile are considered. Systematic post-processing routines 

are essential if valuable data is not to be lost or obscured. The remainder of 

this section details the procedures applied to the raw Mie-scattering and PLIF 

images prior to their display and subsequent analysis.

Mie-scattering

The raw Mie-scattering images were trimmed to match the visible 

dimensions of the laser light sheet, thus, concentrating the subsequent image
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intensity analysis on the directly illuminated area of interest. The maximum, 

minimum, and integrated pixel intensities of the resultant images were noted. 

Following their intensity analysis, the trimmed images were converted to 8-bit 

grey scale format (256 grey levels). The 12 to 8-bit conversion applied was a 

linear transformation between the maximum and minimum grey-scale values 

of the original 12-bit image. Typically, the dynamic ranges o f the raw cycle- 

resolved Mie-scattered images were -  700 grey scale values for an early spray 

image and -  300 grey scale values for a late spray image. Accordingly, the 

amount of data lost by rescaling the original 12-bit images to the 8-bit format 

necessary for their further display and manipulation was not considered 

significant. A statistical optimisation routine based on the 8-bit grey-scale 

values of the transformed images was used to enhance image contrast. The 

bottom 3% of the pixel values were assigned to the shadow point, (0), while 

the top 3% were assigned to the highlight point (255). The remaining values 

were linearly distributed between these two points by means o f a mathematical 

transformation. Finally, the contrast-enhanced images were pasted into a 

prepared frame showing the light sheet limits within the cylinder bore, and 

saved to disc in 8-bit tagged image file format (TIFF). It should be noted that 

no attempt was made to correct for secondary scattering effects (background 

reflectance and out-of-plane droplet scattering) during the post-processing of 

these images.

PLIF

The raw cycle-averaged fuel images and their corresponding cycle- 

averaged pre- and post-firing background images were trimmed to match the 

visible dimensions of the laser light sheet. The pre- and post-firing images 

were averaged to give a mean background image at each test point. This mean 

image was then subtracted from its corresponding fuel image according to the 

following algorithm

CIx,y = Ix,y -  BIXiy + M  (5.1)

where

Ix<y is a pixel value of the original image;
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BIx>y is the corresponding pixel value of the background image;

M  is the mean pixel value of the background image; and

CIxy is the new pixel value in the corrected image.

Following background subtraction, the fuel distribution images were 

corrected for spatial non-uniformity in the laser sheet — temporal variations in 

pulse energy were assumed to be insignificant. The intensity profile used for 

the light sheet correction was extracted from a series of fluorescence images of 

a uniform tracer distribution. A small amount of iso-octane seeded with 10 % 

(by volume) 2,3-butanedione was placed within the cylinder of the stationary 

optical engine. The piston was positioned close to bottom-dead-centre (BDC) 

in the compression stroke (inlet and exhaust valves closed) and the engine 

block was maintained at a constant 40°C temperature. The iso-octane/dopant 

mixture was allowed to evaporate and disperse evenly within the cylinder for 

period of 2 hours; thereafter, eight sets of three ‘reference’ images were 

collected at 15 minute intervals — each image representing an ‘on-chip’ 

integration of 50 laser pulses. A further 5 sets of reference images were 

obtained under similar conditions using an wo-octane/dopant mixture left in 

solution for 4 hours prior to its introduction to the cylinder.

The images obtained by the above procedure were averaged to produce 

a mean 50-cycle ‘reference’ image of the visible light sheet area. Due to the 

unavoidable accumulation of fluorescent tracer in even minor crevice 

volumes, the geometric features and surface imperfections of the optical 

engine’s cylinder bore were clearly visible in the reference images. Therefore, 

the intensity profile o f the light-sheet was extracted from a 316 x 25 pixel area 

of the reference images corresponding to a region o f the cylinder bore known 

to be free of surface abnormalities. Each pixel column of the background- 

corrected fuel images was corrected for the spatial non-uniformity of the laser 

sheet by dividing by the corresponding normalised intensity value of the 

average 50-cycle sheet profile. The normalised sheet profiles (with respect to 

their mean intensity values) derived from the individual and mean reference 

images are shown in Figures 5.5 and 5.6 respectively.
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Figure 5 .5 : Individual laser-sheet intensity profiles (normalised w.r.t. mean intensity)

Figure 5.7, overleaf, illustrates the background correction algorithm 

and light-sheet profile correction applied to a raw PLIF image from the 

experimental data. Typically, images at this stage o f post-processing were 

characterised by a low value of mean pixel intensity and a narrow dynamic 

range. Additional post-processing routines, which differ according to the 

objectives o f the experiment, were required prior to image interrogation and
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Figure 5.6: Average laser-sheet intensity profile (normalised w.r.t. mean intensity)
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(a) (b) (c) (d)

Figure 5.7: PLIF image correction: (a) Raw image, (b) Mean background image, (c) 

Background corrected image, (d) Background and light-sheet profile corrected image

display. Three distinct methods were considered: the calculation o f local air- 

fuel ratio (AFR), the calculation o f relative dopant concentration, and the 

comparative analysis o f individual images at a fixed crankshaft position.

The calculation of AFR at any given crank angle requires the 

fluorescence intensity o f the images to be corrected for both the photo

physical behaviour o f the tracer and the variation o f charge composition 

throughout the cycle. Neither task is trivial. For a fixed valve timing, the 

temporal variation of the overall AFR in a gasoline direct-injection engine is a 

function o f injection timing, rate o f injection, engine speed, and load. Ignoring 

variations due to dopant properties and assuming that overall intensity 

increases linearly with injected fuel mass, the overall AFR only corresponds to 

a fixed level of fluorescence intensity in the period after the end of injection 

(EOI) and intake valve closing (IVC). Figure 5.8 illustrates the problem.

IVO TDC EVC BDC IVC TDC

1 1
Changing air | Constant

mass air mass
a *

V 'n^-

! Changing \ Constant
\ fuel mass i | fuel mass
< -----------X r - —^  Fuel

SOI EOI
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AFR I AFR
< --------------------- - >

Figure 5.8: Air and fuel mass variations throughout the intake and compression strokes
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Superimposed on the variation of AFR with fluorescence intensity is 

the variation of fluorescence intensity with the ambient conditions. Although 

some dopant molecules are more sensitive to quenching effects than others, it 

can be seen that quantifying local values of AFR within the cylinder on the 

basis of fluorescence intensity alone demands a prior knowledge o f residual 

gas fraction and composition. The variation of ambient conditions, both 

temporal and spatial, must be accurately known. Crank angle resolved mass 

flows past the inlet and exhaust valves are required. Tracer properties must be 

fully defined over the entire range o f ambient conditions found in the running 

engine. Furthermore, perfect mixing — and, in the case o f multi-component 

fuels, diffusion-limited evaporation —  must be assumed. At the time of 

writing, no crank angle resolved mass flow information was available to the 

author. Accordingly, no attempt was made within the presented study to 

calculate AFR directly from fluorescence intensity.

An alternative approach, which yields relative dopant concentrations 

throughout the intake and compression strokes, is to correct solely for the 

variation of fluorescence intensity with changes in the ambient conditions. 

This, semi-quantitative, calibration method allows the development of the air- 

fuel mixture (in terms o f tracer concentration) to be viewed and compared 

over an extended period o f crank angle degrees. However, as discussed 

previously, the tracer properties must be fully defined over the range of
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Figure 5.9: Motored cylinder pressure v computed volume (50 °C block temperature)

160



IN A FIRING GD I ENGINE

ambient conditions found in the running engine and the variation o f those 

ambient conditions within the engine must be known. In this study, cylinder 

pressure during induction and compression was measured directly under 

motored engine conditions. The charge temperature during the intake stroke 

and prior to IVC in the compression stroke was scaled from the computational 

work o f Han et al. [1997a] —  SOI at 480 CAD and a temperature of 850 K at 

the time o f exhaust valve closing (369 CAD) were assumed. The charge 

temperature during the compression stroke after IVC was estimated from the 

motored cylinder pressure assuming the polytropic compression o f an ideal 

gas. An exponent value o f 1.24, calculated from a linear fit to the motored 

pressure data as shown in Figure 5.9 (previous page), was used throughout the
• 7temperature calculations . Appendix F details the calculation process, and the 

assumptions made therein, in full. Figure 5.10, below, illustrates the computed 

in-cylinder gas temperature for both the intake and compression strokes. 

Charge cooling due to airborne spray evaporation in the intake stroke was
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Figure 5.10: Computed in-cylinder gas temperature (360 = Intake TDC)

2 It should be noted that the value of 1.24 found for the polytropic exponent of the optical 

engine is below the lower limit o f the normal range of values (1.3 -  1.38) expected for a 

gasoline SI engine [Obert 1973]. It is, however, in excellent agreement with the experimental 

measurements of Han et al. [1997b], and is thought to be representative o f the UCL optical 

engine. It is believed that the low exponent value reflects the greater unswept volume and 

increased piston blow-by typical of the conventional extended piston design employed.
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assumed to reduce the charge temperature at BDC by approximately 10 K 

compared to the non-spray case [Han et al. 1997a]. The effects o f charge 

cooling during the compression stroke were not considered.

The extent to which PLIF image intensity is affected by changes in 

ambient conditions varies significantly according to the fluorescent marker in 

use. The photo-physical properties o f the dopant used in the present study, 2,3- 

butanedione, are well documented in the literature [Okabe and Noyes 1957, 

Heicklen 1959, Richard et a l 1978, Hiller 1984, Liu et a l 1988]. It is 

recognised as one of the few substances whose luminescent behaviour is 

similar in the solid, liquid, and vapour phases [Epstein 1977]; thus, making it 

an attractive seed molecule for PLIF imaging of two-phase flows. Excitation 

to the first excited singlet state is broadband between 333 and 470 nm 

[Richard et a l 1978]. Photoemission may occur via either, a singlet-singlet 

transition (fluorescence) centred at 460 nm or, a triplet-singlet transition 

(phosphorescence) centred at 510 nm [Epstein 1977]. The fluorescence 

intensity is insensitive to temperature, pressure, and oxygen quenching [Okabe 

and Noyes 1956, Epstein 1977]. In contrast, phosphorescence emissions 

decrease rapidly with increasing temperature and are almost completely absent 

in the presence of oxygen [Hiller 1984, Lozano et a l 1992]. Hence, in a fired 

internal combustion engine the dominant 2,3-butanedione photoemission 

process is fluorescence.

Although the fluorescence intensity o f 2,3-butanedione is relatively 

insensitive to temperature, pressure, and oxygen quenching compared to other 

common fluorescent markers, their effects are not wholly negligible over the 

wide range of ambient conditions found within a firing engine. One of the 

acknowledged weaknesses o f the present study is a reliance on literature data 

concerning the temperature and pressure dependencies o f the tracer. The 

decrease in 2,3-butanedione fluorescence with increasing ambient temperature 

has been estimated at smaller than 1.6% per 10 K in the range 550 to 700 K 

[Baritaud and Heinze 1992]. The author, however, believes that the work from 

which this data is drawn contains a significant source of error, and that 

consequently the true temperature dependence of 2,3-butanedione 

fluorescence is greater than the published value.
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In the referenced work, Baritaud and Heinze estimated cylinder 

temperature in a conventional optical engine using a polytropic exponent of 

1.37. This value is now known to have been an assumption, as opposed to 

being derived from pressure measurement within the experimental engine 

[Baritaud 1999]. Following examination of the published optical engine design 

[Baritaud 1989], the author believes the assumed polytropic exponent to be too 

high. In accordance with the author’s own measurements and the results of 

Han et a l [1997b] discussed earlier in this chapter, the author believes that the 

true value of polytropic exponent lies close to 1.24. Recalculating the results 

of Baritaud and Heinze [1992] with a polytropic exponent of 1.24 gives a 

decrease in 2,3-butanedione fluorescence with increasing ambient temperature 

of approximately 2.2% per 10 K in the range 450 to 575 K. Although this 

linear temperature dependency is not greatly different to that given by 

Baritaud and Heinze, the temperature range over which it applies is notably 

lower than that given in the original work. The new range encompasses the 

author’s calculated in-cylinder temperature during the final stages of the 

compression stroke; however, the behaviour of the tracer at lower 

temperatures remains undefined.

In the absence of hard data pertaining to the temperature dependency 

of 2,3-butanedione fluorescence between 350 and 450 K, the author’s 

recalculated (2.2% per 10 K) dependency was assumed for the full range of 

estimated gas temperatures encountered. Thus, the effects of temperature on 

the fluorescence intensity were corrected with respect to a reference condition 

as shown below:

/ ,  = N , . I t = [1 + (0.0022).(7'1 - r 0)]J, (5.2)

where

1 1 is the raw fluorescence intensity;

1 2 is the intensity corrected for the change in charge temperature;

Nt is the temperature correction factor;

T\ is the charge temperature (K) at the experimental test point; and

7o is the reference temperature (K)
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The effects of pressure and oxygen quenching on the fluorescence 

emissions of 2,3-butanedione are less marked. An 8% increase in signal 

intensity (at the point of image capture) has been reported in an optically- 

accessed engine when the engine was run with nitrogen instead of air 

[Baritaud and Heinze 1992]. The cylinder pressure at the quoted test point was 

estimated by the present author to be approximately 6.5 bar. Based upon this 

estimated value, the present work assumes a linear decrease of fluorescence 

intensity with increasing pressure at a rate of 1.2% per bar. Hence, the effects 

of pressure on the fluorescence intensity were corrected with respect to a 

reference condition as shown:

I 2 = N p.Ix =[1 + (0.012).(Pj- P 0)]Jt (5.3)

where

1 1 is the raw fluorescence intensity;

/  2 is the intensity corrected for the change in cylinder pressure;

Np is the pressure correction factor;

P\ is the cylinder pressure (Bar) at the experimental test point; and

Po is the reference pressure (Bar)

In addition to the reported variations of intensity with temperature and 

pressure, the chemical decomposition of 2,3-butanedione in wo-octane has 

been reported to decrease fluorescence emission at a rate of 11% per hour 

[Baritaud and Heinze 1992]. However, the results plotted in Figure 5.11, 

overleaf, indicate that, in experiements performed as part of this work, there 

was no measurable loss of fluorescence intensity in the two to six hour period 

after the tracer was placed in solution. Similarly, experimental images of a 

freshly prepared fluorescent fuel sample did not notably differ in their 

integrated image intensity from those taken of the same fuel mixture (at the 

same crank angle) some hours later. Therefore, although care was taken to 

replace the fuel after 5 hours had elapsed, the effects of tracer decomposition 

in the carrier fuel were not considered further in this study.

The most significant external factor controlling the variation of 

fluorescence intensity throughout the engine cycle is the change in cylinder
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Figure 5.11: Normalised integrated image intensity v time for cycle-average ‘reference’ 

images of uniform tracer distribution

volume. The laser energy used in the present study is not sufficient to cause 

saturation (Appendix G). Therefore, ignoring the effects of temperature and 

pressure, the intensity of the recorded fluorescence signal is linearly 

proportional to the number of dopant molecules in the measurement volume:

nfI  oc-J- (5.4)
V

where

I  is the fluorescence intensity;

nf is the number of seed molecules; and

V is the unit volume.

Assuming that there is a negligible loss of injected fuel from the 

cylinder prior to IVC and ignoring piston blow-by, the number of moles of 

fluorescent tracer contained in-cylinder is constant from EOI through to the 

start of combustion. Thus, the ratio of fluorescence intensities collected at two 

discrete test points within the engine cycle is inversely proportional to the 

corresponding ratio of cylinder volumes
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7> «cF* QC----
h  V,

(5.5)

Increasing the cylinder volume decreases the intensity of the fluorescence

signal due to a reduction in the number density of dopant molecules within the 

measurement volume. To account for this effect throughout the intake and 

compression strokes, a correction factor may be written with respect to a 

reference volume. Thus,

where

1 1 is the raw fluorescence intensity;

1 2 is the intensity corrected for the change in cylinder volume;

Nd is the density correction factor;

V\ is the cylinder volume at the experimental test point; and

Vo is the reference volume

The intensity correction factors given above are multiplicative. Thus, 

the final image intensity — corrected for the effects of in-cylinder 

temperature, pressure, and charge density — was calculated as follows:

where

/ 1 is the raw fluorescence intensity;

I f is the final corrected fluorescence intensity; and 

Nf is the final combined correction factor

The variation of the correction factors Nt, Np, Nd, and Nf with crank angle are 

shown in Figure 5.12 . Numerical values of Nf at the experimental test points 

are given in Table 5.2. A reference crank angle of 695 CAD was assumed 

throughout.

(5.6)

(5.7)
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Figure 5.12: Variation of fluorescence intensity correction factors with crank angle

The raw 12-bit PLIF images were converted to floating point format 

prior to correction. Within this format, intensity values are represented with 

32-bit floating-point numbers, providing a virtually unlimited number o f grey 

levels: thus, images in floating-point format may be scaled without the fear of 

saturation. Since the raw noise level o f the images was thought to vary with 

crank angle and was subsequently multiplied by the image's intensity

Table 5.2: Intensity Correction Factors At Experimental Test Points

Test Point (CAD) Correction Factor, Np
420 1.59
438 2.01
450 2.29
480 2.93
498 3.21
510 3.32
540 3.39
558 3.33
570 3.25
600 2.96
630 2.45
660 1.77
690 1.09
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correction factor, background noise was corrected on an image-by-image 

basis. It was assumed that charge collected outside the directly excited regions 

of the CCD array was representative of the background noise level o f any 

given image. Consequently, an intensity value corresponding to this noise 

level was subtracted from the images after the intensity correction factors had 

been applied. The corrected floating-point images were subsequently false- 

coloured and converted to 24-bit RGB images. The threshold values of the 

false-colouring process were held constant for all images at grey-scale 

intensity values o f 0 and 2048 respectively. The relatively low upper limit 

(representing the lower half o f the 12-bit image range) was intended to ensure 

adequate colour contrast within those images collected late in the compression 

stroke: air-fuel mixing during compression was deemed to be of primary 

importance to present investigation. It should be noted that, with the 

assignment of such a low upper value, there is the tacit acceptance that some 

of the grey-scale levels found in the early spray images will be out-of-range of 

the false-colouring process. The selected intensity range was sub-divided into 

32, equal-width, intervals, each o f which was assigned a default colour. The 

colour spread, in common with all of the PLIF images in this chapter, was 

from red (low pixel intensities) to blue (high pixel intensities). Intermediate 

colours appear in approximately the same order as the hues appear in the light 

spectrum. Finally, the completed 24-bit RGB images were pasted into a 

prepared frame showing the light-sheet limits within the cylinder bore.

The third post-processing method considered in the present work was 

the comparative statistical analysis o f individual fuel images collected at a 

fixed crankshaft angle. As discussed previously, the sensitivity o f 2,3- 

butanedione to minor variations in temperature and pressure is low. Therefore, 

the direct comparison of PLIF images can be justified on the assumption that, 

regardless of injection timing or fuel composition, the in-cylinder conditions 

remain approximately constant at any given point in the intake and 

compression strokes. The numerical studies of Han [1996] support the validity 

of this assumption in the experimental engine. A change in injection timing 

from SOI at 450 CAD to SOI at 540 CAD was calculated to produce a 

difference of only 10 K in the gas temperature at the end o f the compression
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stroke. The influence of the fuel evaporation process on cylinder pressure was 

predicted to be similarly low.

PLIF images taken close to the time of spark were assessed for 

homogeneity in the horizontal direction (across the bore) by consideration of 

their mean pixel intensities (normalised with respect to the image mean) on a 

column-by-column basis. This intensity analysis was performed using the Tine 

profile’ routine built-in to Image-Pro Plus™. Similarly, a comparison of the 

integrated pixel intensities of individual PLIF images recorded at fixed 

crankshaft angles throughout the induction and compression strokes was used 

to gain additional insight into the effects of fuel composition on the mixture 

preparation process. To complete the comparative analysis of the PLIF results, 

the (background and light-sheet corrected) images were prepared for display 

using the same contrast-enhancement routines applied to the Mie-scattering 

images earlier in this chapter. The resultant contrast-enhanced 8-bit 

monochrome images were subsequently false-coloured and converted to 24-bit 

RGB images. The false colouring was performed between the intensity values 

of 1 and 255, thereby ignoring the bottom 3% of the original image’s pixel 

values. The specified intensity range was sub-divided into 12, equal-width, 

intervals, each of which was assigned a default colour. Finally, the completed 

24-bit RGB images were pasted into a prepared frame showing the light-sheet 

limits within the cylinder bore.

5.6 Results

The Mie-scattering and PLIF images presented in this chapter are 

displayed within a rectangular frame whose width represents the diameter of 

the cylinder bore as viewed through the cross-bore window. The height of the 

frame represents the height of the cross-bore window: two vertical lines within 

the frame mark the outer edges of the laser light-sheet. The orientation of the 

image frame with respect to the major features of the combustion system is 

identical to that shown in the previous chapter — Figure 4.7 refers. It is 

important to recall that the inner curvature of the window introduces an optical 

distortion in the horizontal direction of the images, which is uncorrected in the 

present study.
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Mie-scattering

Figure 5.13, below, shows a comparison of selected Mie-scattered 

spray images collected in an earlier experimental study (detailed in Chapter 4 

o f this work) with those collected at the same crankshaft position during the 

present study. Commercial unleaded gasoline was used in all cases shown. It 

should be noted that, as no temperature data was collected during the earlier 

experiments, the present comparison is made on the basis o f an assumed 

cylinder block temperature. Since image capture in the earlier studies typically 

occurred during the first second o f fired running, a value of 26 °C, 

corresponding to the average ambient conditions in the engine test cell, was 

assumed.

Figure 5.14, overleaf, illustrates the effects o f cylinder temperature on 

the spray structure of unleaded gasoline when SOI occurs at 420 CAD. The 

three images shown were collected 18 CAD (2 ms) after SOI at cylinder

(d) (e) (f)

Figure 5.13: Comparison of optical systems (acquisition time 2.0 ms after SOI): (a) SOI 

420 CAD, copper-vapour laser; (b) SOI 480 CAD, copper-vapour laser; (c) SOI 540 CAD, 

copper-vapour laser; (d) SOI 420 CAD, Nd:YAG laser; (e) SOI 480 CAD, Nd:YAG laser; (f) 

SOI 540 CAD, Nd:YAG laser
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(a) (b) (c)

Figure 5.14: Effects o f cylinder temperature on gasoline spray structure when SOI occurs 

at 420 CAD (acquisition time 2.0 ms after SOI): (a) 20 °C; (b) 30 °C; (c) 40 °C

block temperatures o f 20, 30, and 40 °C respectively. At 20 °C, the spray is 

seen as a partially filled cone with a corrected included angle o f 

approximately 63° (-41° uncorrected). A number of individual fuel droplets 

can be seen within the spray structure implying significant (resolvable) droplet 

size. The footprint area o f the spray covers almost the entire width of the laser 

light sheet with heavy deposits o f liquid fuel concentrated on the intake-valve 

side o f the piston crown. As the cylinder-block temperature is increased to 30 

°C, so the included angle o f the spray cone is seen to narrow —  to an 

corrected value of approximately 48° (-32° uncorrected). Large fuel 

droplets are still visible within the body of the spray, and the spray retains 

both its part-filled, conical structure and its axial direction. Although the 

narrowing o f the spray cone within the image plane causes an apparent 

reduction in the wetted area o f piston crown, the liquid fuel film continues to 

be heavier on the intake-valve side o f the bore. However, when injection 

occurs at a cylinder-block temperature o f 40 °C there is a marked change in 

the behaviour o f the injected fuel. The conical spray structure is severely 

deformed, resulting in the spatial distribution o f both airborne fuel droplets 

and the liquid fuel film to be heavily biased towards the exhaust-valve side of 

the bore. The, previously, sharply defined edge of the spray structure on the 

exhaust-valve side is softened, implying greater air entrainment into the spray. 

Significantly, individual droplets are no longer visible within the body of the 

spray, which appears to be almost completely filled by a dense cloud of 

atomised fuel.
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(a) (b) (c)

Figure 5.15: Effects o f cylinder temperature on gasoline spray structure when SOI occurs 

at 480 CAD (acquisition time 2.0 ms after SOI): (a) 20 °C; (b) 30 °C; (c) 40 °C

The effects of cylinder wall temperature on the spray structure of 

unleaded gasoline when SOI occurs at 480 CAD are illustrated in Figure 5.15 

above. It can be seen that the spray behaviour follows a similar pattern to that 

seen in the case o f SOI at 420 CAD. At 20 °C the spray is viewed as a clearly 

defined hollow conical structure with a corrected cone angle of 

approximately 63° (-41° uncorrected). A number of individual droplets are 

visible in the periphery o f the spray. Droplets are seen to reach the edge of the 

laser light sheet on the exhaust-valve side o f the bore in sufficient number, and 

on such a trajectory, as to suggest that significant wall wetting will occur in 

this region. As the cylinder block temperature increases, the centre o f the cone 

is seen to fill with liquid fuel, and at 30 °C the spray is viewed as a filled cone. 

At this temperature, the included cone angle is reduced by approximately 9° 

(corrected) from the case o f injection at 20 °C. At this point, large droplets are 

still visible within the spray and wall wetting is expected to occur on the 

exhaust-valve side of the bore. At 40 °C however, the spray structure 

undergoes a notable change: The spray cone narrows still further within the 

field of view and appears to comprise o f dense cloud of atomised fuel 

projected along the axial centreline of the bore. Fuel impaction on the cylinder 

walls is no longer evident during the spray event and no large individual 

droplets are seen. It is interesting to note, however, that the axial penetration 

and direction o f the spray’s leading edge are essentially unchanged throughout 

the process o f increasing the block temperature from 20 to 40 °C.
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(a) (b) (c)

Figure 5.16: Effects o f cylinder temperature on gasoline spray structure when SOI occurs 

at 540 CAD (acquisition time 2.0 ms after SOI): (a) 20 °C; (b) 30 °C; (c) 40 °C

Figure 5.16, above, illustrates the effects o f cylinder temperature on 

the spray structure o f unleaded gasoline when SOI occurs at 540 CAD. At 20 

°C, the injected spray is seen as a partially filled hollow cone with a 

i corrected included angle o f approximately 53° (-35° uncorrected). 

Individual droplets can be seen in the periphery o f the spray structure, again 

implying resolvable droplet size. Axial penetration o f the spray on the 

exhaust-valve side of the cylinder is notably greater than its axial penetration 

on the intake-valve side. Moreover, the spray tip is observed to reach the edge 

o f the laser light sheet on the exhaust-valve side o f the bore, and direct wall 

impingement in this region is expected.

In comparison with the obvious changes in spray structure seen in the 

earlier case of SOI at 480 CAD between 20 and 30° C, the changes that occur 

when SOI is at 540 CAD (BDC) are more subtle. Although the spray cone 

appears to be slightly more filled with liquid fuel, the cone angle is essentially 

unchanged. One notable difference however, is in the axial penetration of the 

intake-valve side of the spray, which is reduced from the 20 °C injection case. 

At the same time, the quantity of liquid fuel that is observed close to the edge 

o f the light sheet on the exhaust-valve side o f the bore is increased. Again, 

individual droplets are seen throughout the periphery o f the spray. At 40 °C, 

the spray structure is viewed as a filled cone with a corrected included 

angle of approximately 49° (-33° uncorrected). However, the distribution of 

liquid fuel within the spray structure is seen to be biased towards the exhaust- 

valve side of the bore. Notice that, in contrast to injection at 420 and 480 CAD
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and 40 °C, individual droplets are still visible throughout the spray. Axial 

penetration on the intake-valve side of the bore is further reduced from the 

colder injection cases.

The effects of fuel composition on the global spray structure when SOI 

occurs at 420 CAD are shown in Figure 5.17 below. The spray structures of 

three different fuel compositions, unleaded gasoline, Ao-octane, and an 

undoped 3-component fuel mixture, are shown at cylinder block temperatures 

o f 20 and 50 °C. All six images shown within the Figure were collected 18 

CAD (or 2 ms) after SOI. At 20 ° C, the three fuel compositions exhibit 

similar spray characteristics (Figures 5.17a, b, and c). Each of the sprays is 

observed as a partially filled conical structure consisting o f a central core of 

finely atomised liquid fuel with larger fuel droplets visible throughout their 

peripheral regions. Both the gasoline and iso-octane sprays have a 

corrected included angle of approximately 63° (-41° uncorrected), while the

(a) (b) (c)

(d) (e) (0
Figure 5.17: The effects o f fuel composition at 20 and 50 °C when SOI occurs at 420 CAD 

(acquisition time 2.0 ms after SOI): (a) Gasoline, 20 °C; (b) /.so-octane, 20 °C; (c) 3- 

Component, 20 °C; (d) Gasoline, 50 °C; (e) /so-octane, 50 °C; (f) 3-Componerit, 50 °C
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3-component fuel spray has an included cone angle of approximately 53° 

corrected (-35° uncorrected). In all cases, a liquid fuel film, that appears 

heavier on the intake-valve side of the bore, is formed across the full width of 

the piston crown.

The clear similarity between the spray structures of the three different 

fuels shown in Figures 5.17a, b, and c, is not seen at a block temperature of 50 

°C. Indeed, the images shown in Figures 5.17d, e, and f  depict notable 

differences in the spray behaviour of the three fuels when warm. The gasoline 

spray (Figure 5.17d) is seen as a dense cloud of highly atomised fuel. As 

described previously (when referring to Figure 5.14), its normally conical 

spray-structure is severely deformed, biasing the liquid fuel distribution 

towards the exhaust-valve side of the bore. Moreover, piston wetting is 

considerably reduced from the case o f injection at 20 °C (Figure 5.17a). The 

/so-octane spray (Figure 5.17e), on the other hand, appears unaffected by the 

increase in cylinder temperature. The included angle, footprint area, and 

structure of the spray are visibly similar to the 20 °C injection case shown in 

Figure 5.17b. Although measurements indicate a slight narrowing of the cone 

(corrected angle -53°), the extent and position of the liquid film on the piston 

appears unaltered from the 20 °C injection case and large droplets remain 

visible within the spray. The 3-component fuel spray at 50 °C (Figure 5.17f) 

appears to fall within the two extremes o f behaviour marked by the gasoline 

and zso-octane sprays discussed earlier in this paragraph (Figures 5.17d and e). 

Compared with the clearly marked conical spray structure seen in Figure 

5.17c, the global structure of the spray is notably less well defined. The 

shoulders of the spray cone are blurred —  suggesting greater air entrainment 

into the spray in this region — and the number of large droplets contained 

within the spray is visibly reduced. The footprint area of the spray upon the 

piston crown is reduced, while the distribution of liquid fuel within the 

cylinder is shifted away from the intake-valve side of the bore following a 

similar, but less extreme, pattern to that seen with gasoline in Figure 5.17d.

Figure 5.18, overleaf shows the effects of fuel composition on the 

global spray structure at cylinder block temperatures of 20 and 50 °C when 

SOI occurs at 480 CAD. Once again, the spray structures of three fuel
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(d) (e) (f)

Figure 5.18: The effects o f fuel composition at 20 and 50 °C when SOI occurs at 480 CAD 

(acquisition time 2.0 ms after SOI): (a) Gasoline, 20 °C; (b) Zso-octane, 20 °C; (c) 3- 

Component, 20 °C; (d) Gasoline, 50 °C; (e) Iso-octane, 50 °C; (f) 3-Component, 50 °C

compositions, unleaded gasoline, Ao-octane, and an undoped 3-component 

fuel mixture are shown, with each image recorded 18 CAD (or 2 ms) after 

SOI. At 20 ° C, all three fuel compositions exhibit similar, hollow cone, spray 

characteristics with a corrected included cone angle o f approximately 60° 

(-39° uncorrected, Figures 5.18a, b, and c). However, whilst the three hollow 

cone structures ostensibly similar, it is noticeable that the axial penetration of 

the 3-component fuel spray differs from the axial penetration the unleaded 

gasoline and the iso-octane cases on both sides of the bore. The causes of 

these discrepancies in axial penetration are discussed in §5.7 o f this work. 

Curl-up vortices can clearly be seen on the exhaust-valve side shoulders o f the 

gasoline and 3-component fuel sprays (Figures 5.18a and c) but are notably 

absent from the shoulders o f the Ao-octane spray (Figure 5.18b).

At 50 °C and a start o f injection timing o f 480 CAD, the gasoline spray 

is seen as a dense column o f finely atomised fuel aligned along the axial 

centreline of the bore (Figure 5.18d). No large droplets can be seen within the
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spray structure, which is observed to have limited radial penetration within the 

image plane. In contrast, the iso-octane spray, subject to the same injection 

timing and block temperature (Figure 5.18e), appears to be unchanged in form 

compared to that seen when injection occurred at a cylinder block temperature 

o f 20 °C (Figure 5.18b). Although, the results do suggest a minor (~5° 

corrected, -3° uncorrected) narrowing of the spray, the clearly defined hollow- 

cone structure of the spray is still evident, as is the continued existence of 

large droplets within the spray. The 3-component fuel spray, on the other 

hand, is seen to follow the general pattern of behaviour shown by the unleaded 

gasoline spray. The spray is viewed as a filled cone of finely atomised fuel, 

although, unlike the gasoline spray case, some larger droplets do remain 

visible within the periphery of the structure (Figure 5.18f). The radial 

penetration o f the spray is reduced from the 20 °C injection case, as is the 

axial penetration of the spray. Furthermore, it can be seen that the narrowing 

o f the 3-component spray cone under these, part-warm, conditions, whilst 

marked, is not as extreme as in the case of the gasoline spray subject to the 

same ambient pressure and temperature.

Figure 5.19 illustrates the effects of fuel composition on the global 

spray structure at cylinder block temperatures of 20 and 50 °C when SOI 

occurs at 540 CAD. Under cold (20 °C) conditions, the global spray structures 

of all three fuels are similar — although the axial penetration of 3-component 

fuel spray differs from the gasoline and iso-octane sprays in the same manner 

as seen previously when SOI occurred at 480 CAD. A corrected cone 

angle of approximately 60° (-39° corrected) was found for each of the fuel 

compositions. Under part-warm (50 °C) conditions, the behaviour of the three 

fuels follows the trends observed previously when SOI occurred at 420 and 

480 CAD. The core of the gasoline spray is seen to fill with finely atomised 

liquid fiiel. The spray cone narrows still further from the 40°C case shown in 

Figure 5.16c to approximately 25° at 50° C, and the majority of the large 

droplets seen therein disappear. In contrast, Figure 5.19e shows the iso-octane 

spray to retain its hollow-cone form In this case, the results show the cone

angle of the iso-octane spray to narrow from a corrected value of
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(d) (e) (f)

Figure 5.19: The effects o f fuel composition at 20 and 50 °C when SOI occurs at 540 CAD 

(acquisition time 2.0 ms after SOI): (a) Gasoline, 20 °C; (b) /.vo-octane, 20 °C; (c) 3- 

Component, 20 °C; (d) Gasoline, 50 °C; (e) Iso-octane, 50 °C; (f) 3-Component, 50 °C

approximately 60° for the cold injection condition (-39° uncorrected) to an 

corrected value of approximately 40° (-33° uncorrected) for the part-warm 

condition. The 3-component fuel again follows the general pattern o f 

behaviour set by the unleaded gasoline subject to the same ambient conditions. 

The fuel spray is seen as a filled cone structure with, within the limits o f 

experimental certainty, an identical cone angle to that shown by the gasoline 

spray. Despite the similarity o f the cone angles, however, the results suggest 

that there are some differences in the spray behaviour of the two fuels. The 

higher pixel intensity o f the gasoline spray shown in Figure 5.19d, compared 

with that of the 3-component fuel spray shown in Figure 5.19f, suggests a 

greater scattering efficiency and, therefore, greater droplet surface area. The 

consequences of this observation, in terms of the later use o f these two fuels 

for comparative PLIF studies, are discussed further in §5.7.

In addition to the study o f early fuel spray structures, the Mie- 

scattering technique was applied to the study of liquid-phase fuel distributions

178



and fuel composition effects later in the engine cycle. Figure 5.20 shows the 

influence of cylinder block temperature on the in-cylinder distribution of 

liquid-phase gasoline 8 ms after SOI. The figure includes images from all 

three injection timings under investigation at block temperatures o f 20 and 

50°C. When SOI occurs at 420 CAD, the results for the gasoline spray show a 

significant liquid fuel mass in the lower, central region o f the image plane 

when the cylinder block is cold (Figure 5.20a). This is consistent with the 

images captured at this injection timing under similar conditions during an 

earlier phase of this work (c.f. Figure 4.1 Oh). Under part-warm conditions, this 

liquid fuel mass appears reduced (Figure 5.2Id). However, the general 

location o f the fuel within the image plane is similar to the cold injection case. 

This pattern of behaviour is repeated for the case o f gasoline injection at a SOI 

timing o f 480 CAD. The fuel distribution for the cold injection case (Figure 

5.20b) is again consistent with earlier results (c.f. Figure 4.15h). Similarly, the

(d) (e) (f)

Figure 5.20: The effects o f cylinder temperature on the liquid-phase distribution of 

gasoline (acquisition time 8.0 ms after SOI): (a) SOI 420 CAD, 20 °C; (b) SOI 480 CAD, 20 

°C; (c) SOI 540 CAD, 20 °C; (d) SOI 420 CAD, 50 °C; (e) SOI 480 CAD, 50 °C; (f) SOI 540 

CAD, 50 °C
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general location o f the fuel mass within the image plane is maintained under 

part-warm conditions, albeit with a notably reduced quantity o f liquid fuel 

(Figure 5.20e). For the case o f gasoline injection at a SOI timing of 540 CAD, 

Figure 5.20c shows the fuel distribution under cold conditions to be similar to 

that seen in earlier results (c.f. Figure 4.20h). However, unlike the previous 

two injection timings, the liquid fuel distribution for the case o f SOI at 540 

CAD is not notably changed when the cylinder bore temperature is raised to 

50 °C (Figure 5.20f).

Figure 5.21, below, shows the affect o f temperature on the in-cylinder 

distribution of liquid-phase Ao-octane 8 ms after SOI. In many ways, the 

results contained therein follow the patterns seen previously in Figure 5.20 for 

liquid phase gasoline. For SOI timings o f 420 and 480 CAD, the location of 

the liquid Ao-octane within the image plane closely matches that o f the liquid- 

phase gasoline. It is noticeable, however, that quantity o f fuel visible in the

(d) (e) (f)

Figure 5.21: The effects o f cylinder temperature on the liquid-phase distribution of /5 0 - 

octane (acquisition time 8.0 ms after SOI): (a) SOI 420 CAD, 20 °C; (b) SOI 480 CAD, 20 

°C; (c) SOI 540 CAD, 20 °C; (d) SOI 420 CAD, 50 °C; (e) SOI 480 CAD, 50 °C; (f) SOI 540 

CAD, 50 °C
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image plane differs between the two fuels under cold injection conditions. A 

lesser amount of liquid fuel is seen in the zso-octane images. Furthermore, it is 

clear from the results shown in Figures 5.21a and 5.21d, and Figures 5.21b 

and 5.2le that the quantity of z'so-octane seen within the image plane does not 

markedly differ between the part-warm and the cold injection cases as was the 

case for gasoline. Further differences between the liquid-phase gasoline and 

iso-octane distributions are seen when SOI occurs at 540 CAD (Figures 5.20c, 

5.20f, 5.21c, and 5.2If). It is especially interesting to note that the fuel-rich 

area close to the exhaust valve side o f the bore, which is a consistent feature of 

liquid-phase gasoline distributions at this injection timing, is not seen in the 

/so-octane fuel images. The significance o f this, and of the other experimental 

results collected at this acquisition time, is discussed further in §5.7.

PLIF -  Relative dopant concentration

Figure 5.22, overleaf, shows the temporal development of the relative 

dopant concentration when SOI occurs at 420 CAD and iso-octane is used as 

the dopant’s carrier fuel. The figure shows eight PLIF images taken at 30 

CAD intervals starting at a crankshaft position of 480 CAD and continuing 

through to a crankshaft position of 690 CAD. It should be noted that the 

ignition timing in the experimental engine was set at 697 CAD; thus, the final 

PLIF image contained within the figure represents the dopant distribution 7 

CAD before spark. Images acquired at crankshaft angles prior to 480 CAD are 

not shown due to the large number of pixels contained therein whose intensity 

values are above the upper threshold level of the false colouring process. This 

figure, in common with all other figures containing PLIF images shown in this 

chapter, includes a colour scale indicating the intensity of the false-colouring 

process’s subdivisions as a percentage of the image’s upper threshold level. 

The reader will recall from preceding sections of this chapter that all of the 

PLIF images shown in this chapter were collected at a cylinder block 

temperature of 50 ° C.

The results acquired at 480 and 510 CAD (Figures 5.22a and 5.22b 

respectively) are comparable with the single Mie-scattering image shown in 

Figure 5.2Id. The acquisition time o f this liquid-fuel image (8 ms after SOI)
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(a) (b) (c) (d)
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Figure 5.22: Temporal development of relative dopant concentration for SOI at 420 CAD 

and /'so-octane carrier fuel: (a) 480 CAD; (b) 510 CAD; (c) 540 CAD; (d) 570 CAD; (e) 600

CAD; (f) 630 CAD; (g) 660 CAD; (h) 690 CAD

represents a crankshaft position o f approximately 492 CAD (i.e. an angular 

position between the two PLIF images). As discussed previously, the PLIF 

imaging technique does not discriminate between dopant’s liquid- and vapour- 

phases. However, it can be seen that the location o f the (liquid) fuel cloud in 

Figure 5.21 d is wholly consistent with rich dopant areas seen in Figures 5.22a 

and 5.22b. Later images show the maximum fluorescence intensity (and thus 

the dopant concentration) contained within this rich region to reduce 

substantially from close to 100% of the images’ upper threshold limit in 

Figure 5.22a to approximately 45 % of this value at bottom-dead-centre 

(Figure 5.22c). At this time, the experimental results show an area o f 

(comparatively) high tracer concentration in the lower central region o f the 

field-of-view. The mean pixel intensity within this region —  the 

predominantly yellow area in Figure 5.22c —  is approximately 24 % of the 

upper threshold limit. Later images (Figures 5.22d, 5.22e, and 5.22f) show this 

region o f high tracer concentration to be transported across the image plane.
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Figure 5.23: Temporal development of relative dopant concentration for SOI at 420 CAD 

and 3-component carrier fuel: (a) 480 CAD; (b) 510 CAD; (c) 540 CAD; (d) 570 CAD; (e) 

600 CAD; (f) 630 CAD; (g) 660 CAD; (h) 690 CAD

The final image in the series (Figure 5.22h) shows the tracer distribution at 

690 to be homogeneous across the width of the image plane with a mean 

fluorescence intensity that is approximately 18 % of the upper threshold value.

Figure 5.23, above, shows the temporal development of the relative 

dopant concentration when SOI occurs at 420 CAD and the 3-component fuel 

is used as the fluorescent dopant’s carrier medium. The reader will note the 

similarity o f the images shown therein with the corresponding images shown 

in Figure 5.22 where Ao-octane was used as the base fuel. The mean pixel 

intensities (and hence dopant concentration) at 630 CAD being approximately 

29 % of the upper threshold limit for both carrier fuels. In this case, the tracer 

distribution at 690 CAD is observed to be reasonably homogeneous across the 

image plane with a mean fluorescence intensity o f approximately 19 % of the 

upper threshold value.

Figure 5.24, overleaf, shows the temporal development o f the relative 

dopant concentration when SOI occurs at 480 CAD and Ao-octane is used as
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Figure 5.24: Temporal development o f relative dopant concentration for SOI at 480 CAD 

and /'so-octane carrier fuel: (a) 480 CAD; (b) 510 CAD; (c) 540 CAD; (d) 570 CAD; (e) 600 

CAD; (f) 630 CAD; (g) 660 CAD; (h) 690 CAD

the dopant’s carrier fuel. Since there is no fuel in the camera’s field o f view at 

SOI, no image is shown at 480 CAD. Similarly, no dopant-corrected image is 

shown for the 510 CAD position: typically, images collected at this crank 

angle were found to be excited beyond the threshold level o f the false- 

colouring process. The results at 540 CAD (Figure 5.24c) show the fuel tracer 

to be concentrated in a broad band aligned along the axial centreline o f the 

image. A tracer rich region (close to 100% of the image’s upper threshold 

value) is seen in the lower half o f the field-of-view. Interestingly, no tracer 

fluorescence is observed close to the cylinder walls on the exhaust-valve side 

o f the bore. The tracer distribution at 570 CAD (90 CAD after SOI, Figure 

5.24d), is seen to remain concentrated about the cylinder axis. A rich region 

(with a mean intensity o f approximately 42% of the threshold value) is 

observed on the image centreline. Weaker tracer fluorescence, which extends 

almost to the edges of the laser light sheet on both sides of the cylinder bore, is 

observed outside the rich region. Later images (Figures 5.24e, f, and g) show
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the tracer distribution to continue as an area o f (comparatively) high tracer 

concentration (seen in the centre o f the field-of-view) contained within a 

larger area o f weaker tracer fluorescence. The mean pixel intensity within the 

rich region — the predominantly yellow area in Figures 5.24e, f, and g —  is 

approximately 27 % of the upper threshold value in Figure 5.24e decreasing to 

approximately 22% in Figure 5.24g. Note the heavy fuel film on the piston 

crown shown in Figure 5.24f, and the manner in which the area of high tracer 

fluorescence remains in the centre o f the bore between 600 and 660 CAD. The 

final image in the series (Figure 5.24h) shows the tracer distribution at 690 to 

be reasonably homogeneous across the width o f the image plane with a mean 

fluorescence intensity that is approximately 16 % of the upper threshold value.

Figure 5.25, below, shows the temporal development of the relative 

dopant concentration when SOI occurs at 480 CAD and the 3-component fuel 

is used as the fluorescent dopant’s carrier medium. Again, no images are

Saturated image

(a) (b) (c) (d)

Image intensity (% full scale)

0 25 50 75 100

Figure 5.25: Temporal development of relative dopant concentration for SOI at 480 CAD 

and 3-component carrier fuel: (a) 480 CAD; (b) 510 CAD; (c) 540 CAD; (d) 570 CAD; (e)

600 CAD; (f) 630 CAD; (g) 660 CAD; (h) 690 CAD
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shown for the 480 and 510 CAD crankshaft positions. The results at 540 CAD 

(Figure 5.25c) are similar in many ways to those shown earlier for the iso- 

octane carrier fuel (Figure 5.24c). However, a closer comparison o f the tracer 

distributions owing to the two fuels, shows the columnar tracer distribution to 

be much narrower in 3-component fuel case than for the Ao-octane carrier 

fuel. In turn, the experimental results at 570 and 600 CAD (Figures 5.25d and 

e) show the exhaust-valve side o f the bore to remain free o f tracer 

fluorescence. This contrasts strongly with the results obtained with the iso

octane carrier fuel (Figures 5.24d and e). Later results for the 3-component 

fuel show a rich region o f tracer fluorescence on the intake side o f the bore 

(Figures 5.25e, f, and g). The mean fluorescence intensity within the rich 

region is approximately 23% of the upper threshold value. It is noticeable that 

the tracer rich region shown in these images remains on the intake-valve side 

o f the bore throughout the compression stroke (Figures 5.25e, f, g, and h). This 

results in significant tracer inhomogeneity across the width o f the image plane 

at 690 CAD (Figure 5.25h). The mean pixel intensities shown therein being 

approximately 17 and 11% of the upper threshold value on the exhaust-valve 

and intake-valve sides of the bore respectively.

Figure 5.26, below, shows the temporal development of the relative 

dopant concentration when SOI occurs at 540 CAD and Ao-octane is used as 

the fluorescent dopant’s carrier medium. Corresponding tracer distributions 

for the 3-component carrier fuel are shown in Figure 5.27 overleaf. The

(a) (b) (c) (d)

Image intensity (% full scale)
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Figure 5.26: Temporal development of relative dopant concentration for SOI at 540 CAD 

and Ao-octane carrier fuel: (a) 600 CAD; (b) 630 CAD; (c) 660 CAD; (d) 690 CAD
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Figure 5.27: Temporal development of relative dopant concentration for SOI at 540 CAD 

and 3-component carrier fuel: (a) 600 CAD; (b) 630 CAD; (c) 660 CAD; (d) 690 CAD

experimental results for both carrier fuel compositions are similar. The tracer 

distribution at 600 CAD (Figures 5.26a and 5.27a) is seen to be confined to a 

roughly triangular area beneath the diagonal drawn from the lower left-hand 

comer to the upper right-hand comer of the PLIF image. The mean 

fluorescence intensity in this region is approximately 45% of the upper 

threshold limit for both carrier fuels. This triangular tracer distribution is 

retained in those images collected at 630 CAD (Figures 5.26b and 5.27b). The 

lack of tracer fluorescence in the upper left-hand comers o f both o f these 

images is clear. However, it is interesting to note that there are two areas o f 

high fluorescence intensity close to the light-sheet limits and piston surface in 

the case of the Ao-octane carrier fuel (Figure 5.26b) that are not seen 3- 

componenet fuel case (Figure 5.27b). At 630 CAD, an area o f (comparatively) 

high tracer fluorescence (approximately 27% of the upper threshold limit) is 

seen in the upper right-hand comer o f the image plane (Figures 5.26c and 

5.27c). The experimental results show this rich region to remain on the intake- 

valve side of the bore during the latter stages o f the compression stroke. This 

yields a notably inhomogeneous tracer distribution across the image plane at 

690 CAD (Figures 5.26d and 5.27e). The mean intensity value of the rich 

(intake-valve) side o f the bore is approximately 25% of the upper threshold 

value for the 3-component fuel against a value of 21% in the case o f the Ao- 

octane.
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PLIF -  Comparative results

The previous sub-section o f this work presented the author’s PLIF 

results after correction for relative dopant concentration according to the 

procedure detailed in §5.5. In this sub-section, a selection o f PLIF results 

collected at fixed crankshaft positions is presented for analysis on a 

comparative basis as described earlier. The reader will recall that the images 

presented for comparative analysis have been statistically optimised to achieve 

the best possible contrast distribution of pixel values in the 8-bit grey scale 

range. In contrast to the relative dopant correction procedure presented earlier, 

this technique allows early spray images to be viewed without the fear of 

image saturation.

Figure 5.28, below, shows the tracer distribution due to the two

(a) (b) (c)

(d) (e) (f)

Absolute pixel intensity
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Figure 5.28: Comparative PLIF images 2ms after SOI: (a) /so-octane, SOI 420 CAD; (b) 

/so-octane, SOI 480 CAD; (c) /so-octane, SOI 540 CAD; (d) 3-component fuel, SOI 420 

CAD; (e) 3-component fuel, SOI 480 CAD; (f) 3-component fuel, SOI 540 CAD
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carrier fuels 2 ms (18 CAD) after SOI for the three injection timings under 

investigation. It is important to note that, according to the post-processing 

method in use, valid comparison o f fluorescence intensity may be made only 

between images collected at the same crank angle. Thus, Figure 5.28a is 

comparable with Figure 5.28d, Figure 5.28b is comparable with Figure 5.28e, 

and Figure 5.28c with Figure 5.28e. The results for SOI at 420 CAD show the 

tracer concentration for the 3-component fuel (Figure 5.28d) to be higher in 

the lower regions of the spray structure than for the Ao-octane case (Figure 

5.28a). The results for SOI at 480 CAD show the structure o f the injected fuel 

spray to differ markedly between the two carrier fuel cases. When Ao-octane 

is used as the carrier fuel, the tracer distribution is seen as a hollow cone 

structure (Figure 5.28b). In the 3-component carrier fuel case, however, the 

tracer distribution is seen as a solid cone with a reduced cone angle (Figure 

5.28e). It is interesting to note the area o f high tracer concentration (the dark 

blue area in the image) close to the axial centreline o f the 3-component spray. 

The results for SOI at 540 CAD show the spray structures of both carrier fuel 

compositions to follow the hollow-cone model (Figures 5.28c and 5.28f). It is 

noticeable, however, that the included angle of the tracer-rich (blue) area of 

the fuel spray is narrower in the 3-component fuel case (~ 27° corrected) than 

when Ao-octane is used as the tracer’s base fuel (-44° corrected).

Absolute pixel intensity

0 63 127 191 255

Figure 5.29: PLIF images at 690 CAD for different fuels and injection timings: (a) Ao- 

octane, SOI 420 CAD; (b) 3-component fuel, SOI 420 CAD; (c) Ao-octane, SOI 480 CAD; 

(d) 3-component fuel, SOI 480 CAD; (e) Ao-octane, SOI 540 CAD; (f) 3-component fuel, 

SOI 540 CAD
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Figure 5.29, previous page, shows the tracer distribution due to the two 

carrier fuels at a crankshaft position of 690 CAD (7 CAD before spark) for the 

three injection timings under investigation. The reader will note a consistent 

black/red mark in the left half o f the upper four images shown within the 

figure. This mark is the result o f damage to the cross-bore windows and may 

be ignored. The results show marked differences in the tracer distributions
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Figure 5.30: Cross-bore tracer homogeneity for SOI at 420 CAD: (a) /.vooctane carrier 

fuel; (b) 3-component carrier fuel
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Figure 5.31: Cross-bore tracer homogeneity for SOI at 480 CAD: (a) /so-octane carrier 

fuel; (b) 3-component carrier fuel

owing to the differing injection timings and fuel compositions. The images 

shown in Figure 5.29 were assessed for homogeneity in the horizontal 

direction by the method described in §5.5. Figures 5.30, 5.31, and 5.32 give 

the results o f this homogeneity analysis for the SOI timings of 420, 480, and 

540 CAD respectively. In the case of the Ao-octane carrier fuel and SOI at 420 

CAD (Figure 5.30a), the gradient o f a linear, least squares fit to the
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experimental data is close to zero, suggesting a largely homogeneous — about 

the mean —  distribution of the fluorescence tracer across the image plane. For 

the 3-component carrier fuel at the same injection timing (Figure 5.30b), the 

gradient o f the least squares fit indicates a difference o f approximately 8% in 

the normalised fluorescence intensity across the width o f the laser sheet. The 

tracer distribution is seen to be richer on the exhaust-valve side o f the bore
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Figure 5.32: Cross-bore tracer homogeneity for SOI at 540 CAD: (a) /so-octane carrier 

fiiel; (b) 3-com p on en t carrier fuel
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than on the intake-vale side.

A rather larger difference in tracer homogeneity due to the two fuel 

compositions under investigation is indicated by the experimental results for 

SOI at 480 CAD (Figure 5.31). Again, the results suggest good tracer 

homogeneity in the case o f the zso-octane carrier fuel (Figure 5.31a). For the 

case of the 3-component fiiel, however, a difference o f approximately 20% is 

seen in the normalised fluorescence intensity across the full width of the laser 

light sheet (Figure 5.31b). Note that in this case, the tracer distribution is 

richer on the intake-valve side of the bore than on the exhaust-valve side. 

When SOI occurs at 540 CAD, the experimental results show the homogeneity 

of the tracer distribution to be poor for both carrier fuel compositions (Figures 

5.32a and 5.32b). The variation of fluorescence intensity across the light-sheet 

plane was found to be approximately 40% in the case o f the iso-octane fiiel 

and approximately 36% in the case of the 3-component blend. In both cases, 

the intake-valve side of the bore exhibits significantly higher levels of tracer 

fluorescence than does the exhaust-valve side of the bore.

5.7 Discussion of Results

Consistency with previous studies

Figure 5.13 presents a comparison of early spray images collected at 

all three injection timings under investigation during the present study with 

images collected at the same test points and acquisition angles during the 

earlier work presented in Chapter 4. Although the results of the two studies are 

similar, and show similar trends at each injection timing, they are not 

identical. Images collected in the previous study appear to show denser sprays 

and greater numbers of individual fuel droplets. The author believes that these 

differences are consistent with the higher resolution of the rotating drum 

camera system and greater thickness of the laser light-sheet used in the earlier 

study. At later acquisition angles (8 ms after SOI), the experimental results for 

gasoline at 20 °C cylinder temperature shown in Figures 5.20a, 5.20b, and 

5.20c are comparable with the images shown in Figures 4.1 Oh, 4.15h, 4.20h 

respectively. In each of the test points examined there is an acceptable 

agreement between the position of the droplet cloud indicated by the results of
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the present study and that indicated by the results captured in the previous 

study.

Fuel characteristics

The experimental studies presented in this chapter were designed to 

investigate the effects o f fuel composition on injected spray structures and fuel 

distributions in the experimental combustion system. An a priori knowledge 

o f the examined fuels’ evaporation characteristics was therefore considered 

prerequisite to the analysis o f the results. Accordingly, a gamma-phi vapour- 

liquid equilibrium (VLE) model, written by the author, was used to estimate 

the equilibrium properties of the examined fuels when subject to the 

experimental conditions. The formation, development, and validation of this 

model are detailed in Appendix H o f this work. Note that since commercial 

gasoline is a complex blend of several hundred individual hydrocarbon 

components, numerical modelling of its VLE properties was not considered 

practical within the time frame available to the author.

Table 5.3, below, details the composition (by volume) of both the 3- 

component fiiel and the two dopant/fuel blends used in the author’s reported 

studies. The calculated bubble-point values of the three blends at 0.45 and 0.6 

bar, together with the pure-component boiling points for Ao-octane and 2,3- 

butanedione under the same ambient conditions, are given in Table 5.4 

overleaf. It is interesting to note that, subject to the quoted ambient conditions, 

the Ao-octane/2,3 -butanedione blend has a lower boiling point than either of 

its constituent components. In fact, the author’s model suggests that the 

addition of 2,3-butanedione to Ao-octane results in the formation of a 

minimum boiling azeotrope (Figure 5.33a). This non-ideal mixing behaviour 

is primarily due to the difference in polarity of the two compounds:

Table 5.3: Experimental Fuel Compositions (Volume Fractions)

/so-octane/dopant 3-Component 3-Comp./dopant
/so-pentane - 0.20 0.18
/so-octane 0.90 0.70 0.63
/t-nonane - 0.10 0.09
2,3-butanedione 0.10 - 0.10
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Table 5.4: Estimated Boiling Points and Bubble-Point Values at Selected Pressures

0.45 bar 0.6 bar
Iso-octane 346.0 K 354.8 K
2,3-Butanedione 337.5 K 345.2 K
/w-octane/dopant 332.6 K 340.9 K
3-Component 311.3 K 320.0 K
3-Component/dopant 315.5 K 323.9 K

2,3-butanedione is strongly polar, whereas /so-octane is not. Similar non-ideal 

mixing is predicted between 2,3-butanedione and the remaining constituents of 

the 3-component research fuel as illustrated in Figures 5.33b and 5.33c.

Regrettably, the bubble-point temperatures of the commercial gasoline 

used in the reported studies are not known at the sub-atmospheric pressures 

listed in Table 5.4. However, the initial boiling point (IBP) o f a typical 

gasoline blend at atmospheric pressure is generally in the region of 30-35 °C. 

It would seem reasonable, therefore, to estimate the initial boiling point of 

gasoline at sub-atmospheric pressures from the behaviour of a single

component fiiel with a normal boiling point close to this value, iso-pentane, 

which has a normal boiling point of approximately 28 °C at atmospheric 

pressure, was chosen as a model for the IBP of gasoline. Accordingly, the IBP 

of gasoline was estimated to be in the region of 13 °C at an ambient pressure 

of 0.6 bar, and approximately 5 °C at an ambient pressure of 0.45 bar. Of 

course, it must be remembered that a gasoline is a blend o f several hundred 

hydrocarbon components. Thus, the fuel fraction that evaporates at, or in the 

region of, the initial boiling point is likely to be a small percentage of the 

overall fuel mass.

For the PLIF studies reported in this work, it is the batch-distillation 

characteristics of the /so-octane/dopant and 3-component/dopant blends that 

are expected to be of most interest. These characteristics were investigated by 

means of a repeated isobaric flash calculation assuming 0.1 degree of 

superheat at each feed composition. Figure 5.34 details the calculated 

fractional distillation characteristics of the iso-octane/2,3-butanedione blend. 

The results given therein suggest that, by volume, the first 55% of the blend 

vaporised contains approximately 90% of the original 2,3-butanedione
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Figure 5.33: Computed T-x-y diagrams: (a) /50-octane (1) + 2,3-butanedione (2); (b) iso- 

pentane (1) + 2,3-butanedione (2); (c) «-nonane (1) + 2,3-butanedione (2)
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Iso-octane — 2,3-Butanedione Fuel Blend
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Figure 5.34: Fractional distillation characteristics of /so-octane/2,3-butanedione blend

content. This compares with a requirement to vaporise approximately 75% of 

the 3-component fuel to achieve the same level o f dopant evaporation — see 

Figure 5.35 below. It is worth noting at this stage that most commonly used 

PLIF dopants compounds (including those drawn from the ketone group of 

compounds) form similarly non-ideal mixtures with hydrocarbon fuels. Under

Iso-octane — Iso-pentane — n-Nonane — 2,3-Butanedione — Fuel Blend
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Figure 5.35: Fractional distillation characteristics of 3-Component/2,3-butanedione blend
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Figure 5.36: Calculated vapour pressure curves o f selected fuels

these circumstances, and contrary to popular wisdom, matching the volatility 

of a dopant to the fuel does not, in itself, guarantee their co-evaporation.

Offset against the batch-distillation characteristics o f the doped fuels 

are their vapour-pressure characteristics. Figure 5.36, above, details the 

calculated vapour pressure curves for pure iso-octane, iso-octane with 10% by 

volume 2,3-butanedione, the 3-component fuel, and the 3-component fuel with 

10% by volume 2,3-butanedione. The results indicate that the 3-component 

fuel/2,3-butanedione blend will initially vaporise at a faster rate than the iso- 

octane/2,3-butanedione mixture. However, as the lighter components o f the 

fuel are distilled off the 3-component blend, so its vapour pressure curve will 

shift to the right and its vaporisation rate will slow. Similarly, the preferential 

vaporisation o f 2,3-butanedione from the fw-octane/2,3-butanedione mixture 

will cause its vapour pressure curve to move from the position shown in 

Figure 5.36 towards the position o f the pure /so-octane vapour pressure curve.

In fact, the vapour pressure curve o f the residual 3-component fuel/2,3- 

butanedione is expected to cross the vapour pressure curve o f the residual iso- 

octane/2,3-butanedione fuel in the later stages o f the batch distillation process. 

The crossing o f the two doped fuel’s respective vapour pressure curves, which 

is caused by the high percentage o f the low-volatility compound n-Nonane in
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Figure 5.37: Movement of vapour pressure curves during distillation

the residual 3-component/dopant blend, is clearly shown in Figure 5.37 above. 

Note that the evaporated fuel compositions used in these calculations refer to a 

simulated single-plate distillation at 0.6 bar ambient pressure. It can be seen 

that although the vapour pressure curve o f the doped 3-component fuel is to 

the left o f the doped iso-octane’s vapour pressure curve in the early stages o f 

evaporation, the situation is reversed in the 90% evaporated case. Concern has 

been expressed as to the influence o f the H-nonane on the release o f 2,3- 

butanedione from the residual 3-component/dopant blend. However, the 

computational results shown in Figure 5.33c, suggest that the attraction 

between the two compounds is low. The amount o f tracer retained in the 

liquid-phase ftiel at the end o f the distillation process is not, therefore, thought 

to influence the experimental results to any significant degree.

The reader will note that two opposing effects are described above. On 

one hand, the rate at which 2,3-butanedione is released from the carrier fuel is 

expected to be more rapid in the case o f the fsooctane/dopant blend than for 

the 3-component fuel/dopant mixture. On the other hand, the initial 

vaporisation of the dopant/fuel blend itself will occur more rapidly in the case 

o f the 3-component fuel than in the case o f the /so-octane. Accordingly, it is 

the author’s belief that although the rate o f dopant vaporisation from the two
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fuels differs for much of the engine cycle, the net effect on the PLIF tracer 

distribution is small.

Flash boiling

Table 5.5, below, details the measured in-cylinder pressures at SOI for 

each of the injection timings under investigation. The reference value for the 

absolute pressures given in the Table 5.5 was taken to be the mean intake- 

manifold pressure during the induction stroke. The in-cylinder pressure at SOI 

is significant to the interpretation of the experimental results. Assuming the 

temperature of the injected fuel to equal the measured cylinder block 

temperature, the fuel temperature exceeds the bubble-point temperatures given 

in Table 5.4 for several of the experimental fuels at several o f the experimental 

test points.

The reader will recall the dramatic changes in the structure o f the 

gasoline sprays shown in Figures 5.14 and 5.15, and to a lesser degree Figure

5.16, as the cylinder block (fuel) temperature was increased from 20 to 40 °C. 

These Mie-scattered images suggest the occurrence of flash boiling in the 

experimental engine. Flash boiling of multi-component fuel sprays, such as the 

gasoline spray shown in Figures 5.14, 5.15, and 5.16, is caused when the fuel 

is injected into an ambient pressure below the saturated vapour pressure of the 

higher volatility components. The rapid vaporisation and expansion of these 

highly volatile elements may then atomise the remaining spray [Oza and 

Sinnamon 1983]. The phenomenon is, therefore, both temperature and 

pressure dependent.

The apparent reduction in droplet size and obvious narrowing of the 

spray cone angle seen in the right-hand images of Figures 5.14 and 5.15 (SOI 

at 420 and 480 CAD respectively) are in strong agreement with the

Table 5.5: Measured Cylinder Pressure at SOI

SOI Timing (CAD) Cylinder pressure (Bar)
420 0.44
480 0.44
540 0.60

200



ITS A  fllKATNL, b U - 1

observations of Hochgreb and VanDerWege [1998]. It is interesting to note 

that, although the predicted IBP of gasoline for these test points is in the 

region of 5 °C, there is no evidence of flash boiling at a cylinder block 

temperature of 20 °C (Figures 5.14a and 5.15a). This apparent anomaly is 

again consistent with the work of Hochgreb and VanDerWege, who noted that 

approximately 20 °C of fuel superheat was required to cause significant 

disruption of a hollow-cone gasoline spray. This observation is also consistent 

with the relative insensitivity of the sprays injected at 540 CAD to these 

disruptive effects (Figure 5.16). In this case, the cylinder pressure at SOI is 

approximately 0.6 bar and the estimated bubble-point of the fuel is 

approximately 13 °C. Accordingly, a higher fuel temperature will be required 

before the disruptive effects of the flash boiling process are seen.

The hypothesis of flash boiling in the experimental combustion system 

is further supported by the Mie-scattering images shown in Figures 5.17, 5.18, 

and 5.19. For a fixed injection timing, the results show the global spray 

structures of the three fuel compositions under investigation to be comparable 

when the cylinder block (fuel) temperature is 20 °C. However, at a block 

temperature of 50 °C a clear difference is seen in the behaviour of the three 

fuels. Whilst the fvo-octane sprays typically retain the spray structure seen at 

20 °C, the structures of the gasoline and 3-component fuel sprays are 

modified. This behaviour is largely expected considering the estimated 

equilibrium characteristics of the individual fuels. The effects of temperature 

on the gasoline spray structures have been discussed previously and will not 

be repeated here. / 5 0 -octane is a single component fuel with a calculated 

boiling point o f approximately 73 °C at 0.45 bar and 81 °C at 0.6 bar. It would 

not, therefore, be expected to flash at any combination of the experimental 

temperatures and cylinder pressures under consideration. The 3-component 

fuel, on the other hand, has an estimated bubble-point of approximately 38 °C 

at 0.45 bar and 47 °C at 0.6 bar. These values imply fuel superheating of 

approximately 12 °C at the SOI timings of 420 and 480 CAD and 

approximately 3° C at an SOI timing o f 540 CAD.

It will be noted that the values o f superheat found for the 3-component 

fuel are considerably less than the 20 °C found necessary by Hochgreb and
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VanDerWege for significant disruption of the spray. Yet, the results o f the 

present study clearly indicate a change in spray structure consistent with that 

observed in flash boiling sprays. The author believes that this discrepancy is 

related to the fraction of the injected fuel that is flashed. The high volatility 

components of a commercial gasoline represent small fraction o f the total fuel 

blend. In fact, the T20 value of the fuel (the temperature at which 20% of the 

blend is evaporated) is typically 20-30 ° higher than its IBP. In contrast, the 

high volatility component of the 3-component fuel (zso-pentane) comprises 

20% of the total blend; thus, its T20 value will be close to its bubble-point 

temperature. If it is assumed that disruption of the spray structure requires a 

significant fraction of the fuel to be flashing, it follows that gasoline would 

require a greater level of superheat than would the 3-component fuel.

One of the more obvious effects of flash boiling indicated by the 

results presented in Figures 5.14 to 5.19 is the filling of the spray core. 

Regardless of injection timing, the hollow-cone structure of the non-flashing 

spray is lost, the spray structure narrows, and the injected fuel mass is seen as 

a dense cloud of well-atomised liquid fuel —  observations that are consistent 

with previous studies of flash boiling GD-I sprays [Hochgreb and 

VanDerWege 1998, 1999]. These results imply reduced droplet sizes, 

increased droplet numbers, and, most notably, a significant a reduction of the 

fuel’s initial dispersion through the cylinder when compared to the non

flashing spray case. The above-mentioned change in spray structure may 

also— depending on injection timing —  affect the degree of wall-wetting that 

occurs during the injection event. At early injection timings, such as the case 

of SOI at 420 CAD, mixture preparation is dominated by spray/wall 

interactions. Some degree of spray impingement on the piston crown is 

inevitable. However, it is clear from the results shown in Figure 5.17 that the 

wetted piston area is smaller for the flash boiling sprays than for the non

flashing cases. Similarly, when SOI occurs at 480 CAD (Figure 5.18), the non

flash boiling sprays are known to result in some spray impingement on, 

particularly, the exhaust-valve side o f the cylinder bore. In contrast, no 

significant wall wetting occurs in the case of the flash boiling sprays (Figures 

5.18d and 5.18e). The net effect is that, for both of these injection timings, the
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relative quantity of the injected fuel mass that needs to be evaporated from 

airborne sources is increased by the occurrence of flash boiling. Note that, for 

the case of SOI at 540 CAD, the studies presented in the previous chapter have 

shown minimal spray impingement for the non-flashing spray. Consequently, 

the airbome/wall-film fuel balance for this injection timing is unaltered by the 

change to a flashing spray structure.

Mixture formation process

The obvious differences in spray density, droplet size, droplet 

momentum, and airbome/wall-film fuel balance owing to the flashing and 

non-flashing fuel sprays are expected to affect the mixture preparation process 

later in the cycle. However, the differing spray behaviour of gasoline and iso- 

octane under part-warm conditions presents a particular problem when 

assessing the effects of fuel composition on these later fuel distributions. Laser 

induced fluorescence of a fuel marker is one of the most widely used 

experimental techniques for the in-cylinder visualisation of vapour-phase fuel 

distributions. A non-fluorescent carrier fuel is a prerequisite o f the technique. 

/5 0 -octane, with a boiling point close to the mid-range value of a typical 

commercial gasoline, is most commonly used. However, it is clear from the 

results shown in Figures 5.17, 5.18, and 5.19 that /5 0 -octane may not 

accurately represent the gasoline spray behaviour under ambient conditions 

that promote flash boiling. In part, the 3-component research fuel used in this 

study was chosen for its optical properties. The fuel does not fluoresce when 

excited with UV light and has been used successfully as a carrier fuel for PLIF 

studies [Kramer et al. 1998]. More importantly though, the behaviour of the 3- 

component fuel spray at 50 °C imitates that of gasoline when subject to the 

same ambient conditions — as demonstrated by the results shown in Figures

5.17, 5.18, and 5.19.

Assuming that the temperature of the liquid fuel is equal the measured 

cylinder block temperature (an assumption that is discussed in Chapter 6 of 

this work), the /5 0 -octane/dopant and the 3-component/dopant fiiel blends 

represent, respectively, the non-flashing and flashing spray cases for a block 

temperature of 50 °C and SOI timing of 420 or 480 CAD. Note that the
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calculated bubble-point for the 3-component fuel/dopant blend at the ambient 

pressure corresponding to a SOI timing of 540 CAD is approximately 51 °C. 

Therefore, severe flashing of the 3-component fuel/dopant spray is not 

expected at this test condition.

The PLIF spray images shown in Figure 5.28 broadly support the use 

o f the 3-component research fuel as carrier medium for PLIF studies in the 

flash-boiling regime. For SOI at 420 CAD, little difference is seen in the spray 

structures of the two carrier-fiiel/dopant blends. Although the lower half o f the 

spray structure is seen to be richer in tracer for the 3-component fuel than for 

the iso-octane, there is a sharp horizontal discontinuity in the latter image. 

This discontinuity, which appears at the level o f the top piston ring reversal, 

suggests a high degree of window fouling in the lower section of the image. It 

is considered likely that the observed difference in the spray core density is 

due to this window fouling. It should also be noted that Mie-scattered images 

for this test condition, given in Figures 5.17b and 5.17e, show only minor 

differences between the liquid-phase spray structures of the two fuels. Given 

that the zso-octane/dopant blend is thought unlikely to be disrupted by flash 

boiling at this test condition (in contrast to the 3-component/dopant mixture) 

the similarity of the two sprays is perhaps surprising and is, as yet, 

unexplained. In contrast to the images collected for SOI at 420 CAD, the PLIF 

results for SOI at 480 CAD clearly show the iso-octane and the 3-component 

carrier fuels to represent, respectively, the hollow-cone structure of the non

flashing fuel spray and the filled column distribution of the flashing fuel spray 

(Figures 5.28b and 5.28e). It should be emphasised that the same fuel dopant 

and boundary conditions (cylinder temperature, intake air temperature, and 

injected fuel mass) were applied in each case.

The results presented in Chapter 4 of this work have shown the 

formation of large-scale (intake-generated) gas flows within the experimental 

combustion system to be affected by airflows induced by the injected fuel 

mass. Depending on the timing o f the injection event, fuel composition has 

been shown to affect the structure of the injected sprays through the 

mechanism of flash boiling. Accordingly, fuel composition may reasonably be 

expected to affect the in-cylinder flow field and thus, the efficiency o f the air-
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(a) (b) (c)

Figure 5.38: Thresholding procedure for the identification o f  bulk fuel position: (a) raw 

PLIF image; (b) 80% thresholded image; (c) approximate fuel cloud position

fuel mixing process later in the engine cycle. It was decided, therefore, to 

consider the bulk fuel movement due to a flashing and non-flashing spray. 

Figure 5.38, above, illustrates the thresholding process used to identify the 

bulk fuel cloud within the cylinder. For the purpose o f further analysis, the 

approximate position and extent o f the bulk fuel cloud was marked with a 

simple ellipse.

Figure 5.39, below, traces the movement o f an area containing the 

upper 20% of the PLIF image pixel intensities during compression for the SOI

570 CAD 600 CAD 630 CAD 660 CAD

(a) (b)

Figure 5.39: 80 -  100 % tracer cloud for different carrier fuels at 50 °C and SOI at 420 

CAD: (a) /so-octane; (b) 3-Component fuel
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630 CAD 660 CAD

(a)
Figure 5.40: 80 -  100 % tracer cloud for different carrier fuels at 50 °C and SOI at 480 

CAD: (a) /so-octane; (b) 3-Component fuel

timing of 420 CAD. It is argued that these tracer-rich regions, extracted from 

the results shown in Figures 5.22 and 5.23, represent the core o f the 

evaporating fuel cloud and that their movement will be representative o f the 

bulk air motion. The results show the tracer-rich region to be transported 

upwards and to the exhaust-valve side o f the bore in a similar manner for both 

carrier fuels. There is perhaps, a slight suggestion of weak tumble indicated by 

the results.

Figure 5.40, above, presents a similar analysis o f the droplet/vapour 

cloud development o f the two carrier fuels at an SOI timing o f 480 CAD. 

Perhaps the most striking feature o f these results, extrapolated from the data in 

Figures 5.24 and 5.25, is the apparent quiescence o f the charge. This is 

particularly noticeable in the case o f the Ao-octane carrier fuel. The tracer rich 

region o f interest remains on the cylinder axis throughout the compression 

stroke. This result is consistent with the studies o f the non-flashing fuel spray 

at this injection timing shown in the previous chapter o f this work. Two, 

rapidly decaying, counter-rotating vortex structures were initially seen to draw 

fuel to the centre of the bore at EOI, leaving the airborne droplets suspended 

in an almost quiescent in-cylinder charge. For the case o f the flashing fuel
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spray (3-component carrier fuel), the tracer rich region is similarly positioned 

on the cylinder axis at 570 CAD. Although, interestingly, it is moved to the 

intake-valve side of the bore during the early part of the compression stroke 

where it remains until the time of ignition.

Although the results shown in Figures 5.39 and 5.40 suggest that any 

changes in bulk flow structure that may occur as a result of flash boiling are 

minor — their significance with respect to the mixing process may not 

necessarily be so. It is noticeable that, at an SOI timing of 420 CAD, the 

flashing gasoline spray shown in Figure 5.17 appears to be biased away from 

the intake-valve side of the bore. This is consistent with the apparent reduction 

in droplet size discussed earlier in this work. Numerical studies have predicted 

the formation of a strong jet-like flow, impacting directly on the centrally 

injected fuel spray, in the central region between the two intake valves [Han et 

al. 1997b]. However, the experimental studies presented in the previous 

chapter suggest that the intake flow momentum at this point in the engine 

cycle is insufficient to affect the inclination o f the cold spray-axis. Given that 

the momentum of the intake flow is essentially unchanged between the hot and 

cold fuel cases, the offset of flash-boiling spray shown in Figure 5.17d 

strongly suggests reduced droplet momentum within the spray.

It is possible that reduced droplet momentum is responsible for the 

movement of the tracer-rich cloud shown in Figure 5.40b to the intake-valve 

side of the bore. Reducing the spray momentum would be expected to 

decrease the level of charge motion suppression due to spray induced flows. 

However, this is unproven in the present work. The results shown in Figures

5.39 and 5.40 may also support the hypothesis of reduced relative motion 

between the fuel droplets and the in-cylinder charge. Certainly, considering 

the centre of the region, the fuel droplet/vapour cloud moves more rapidly 

through the cylinder for the two flash boiling cases than for their equivalent 

non-flashing sprays. However, it is acknowledged that this result may also be 

explained by changes to the in-cylinder flow field resulting from the different 

structures and momentum of the two spray cases. Undoubtedly, further 

research into the nature and strength o f the charge-motion/fiiel-spray 

interactions that occur in the experimental GD-I combustion system is 

required.
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Charge homogeneity

The results shown in Figures 5.29, 5.30, 5.31, and 5.32 suggest that 

mixture homogeneity for a given fuel composition worsens as the start of 

injection timing occurs later in the cycle. This effect is primarily explained by 

the changing time available for fiiel evaporation and air-fuel mixing to occur. 

The earliest of the injection timings examined here, SOI at 420 CAD, provides 

approximately 31 ms between SOI and spark. In contrast, the latest o f the 

injection timings studied, SOI at 540 CAD, provides only 17 ms. A less well 

prepared mixture is therefore to be expected. Note that this observation applies 

to homogeneous charge operation only. In stratified-charge mode, the lack of 

time available for mixing may be used advantageously to retain the 

homogeneity of the flammable region.

The effects of fuel composition on tracer homogeneity for fixed 

injection timing are less easily explained. The experimental results do not 

immediately identify one dominant mechanism through which the fuel 

composition affects mixture homogeneity. Rather, they suggest that the 

observed changes in tracer distribution are due to several interacting 

phenomena, all of which may be expected to affect mixture homogeneity to 

some degree. An obvious concern given the nature of the imaging technique is 

the relative rate of vaporisation of the fluorescent tracer from the two carrier 

fuels. Law [1982] suggested two regimes by which a multicomponent droplet 

may vaporise: ‘diffusion-limited’ vaporisation (in which the rate of surface 

regression is such that the individual fuel components gasify at a similar rate), 

and ‘batch-distillation’. In relation to a direct-injection engine, it is reasonable 

to expect the mode of vaporisation i>e governed by the ambient conditions in

cylinder. During cold conditions, ana for the greater part of the intake stroke, 

the evaporation of airborne fiiel might be expected to be in the ‘batch- 

distillation’ regime. In warm operation, however, and during the later stages of 

the compression stroke, the evaporation behaviour is likely to be at least partly 

diffusion-limited. Similar arguments may be applied to droplets impinging on 

the piston crown or cylinder walls.

The batch-distillation characteristics o f the experimental fuels were 

considered earlier in this discussion. It was suggested that the expected 

differences in the distillation characteristics of the two doped fuels would be
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insufficient to affect the experimental results to a significant degree. The PLIF 

results for SOI at 540 CAD strongly support this belief. The 3- 

component/dopant fuel blend is not expected to flash at this injection timing, 

thus both fuel/dopant bends are expected to exhibit the same hollow-cone 

structure —  an expectation supported by the results shown in Figures 5.28c 

and 5.28f. Differences between PLIF images taken at subsequent acquisition 

timings can not, therefore, be due to a change in spray structure but may be 

attributed to the distillation properties of the individual fuel/dopant blends. A 

comparison of the images given in Figures 5.26 and 5.27 confirm that these 

differences are small.

The results shown in Figures 5.29a, 5.29b and 5.30 suggest that the 

carrier fiiel composition (and hence spray structure) has a relatively minor 

effect on the homogeneity of the tracer distribution when SOI occurs at 420 

CAD. However, given sufficient time for evaporation and mixing to occur, 

major differences in mixture preparation due to fuel composition would not be 

expected. The results shown in Figure 5.30 do suggest a minor difference 

(-8%) in the cross-bore tracer distributions o f the two carrier fuels, the precise 

cause of which is not proven. It will be noted, however, that the area of the 

bore that is shown to be rich in Figure 5.29b for the flashing fuel case 

corresponds to the final size and position of the droplet/vapour cloud shown in 

Figure 5.39b. The droplet/vapour cloud for the non-flashing fuel is seen to be 

significantly larger, extending across the centreline of the bore (Figure 5.39a). 

This is consistent with the more homogeneous tracer distribution indicated in 

Figure 5.29a.

For the case of SOI at 480 CAD, the results shown in Figure 5.31 are 

largely consistent with the final size and position of the droplet/vapour clouds 

shown in Figure 5.40. The author believes that the greater homogeneity o f the 

non-flashing case may be due to the late contribution of atomised or vaporised 

fuel from liquid films on the piston surface and, in particular, the cylinder 

walls. Certainly, the Mie-scattering and PLIF images for this injection timing 

do show greater wall impingement and the presence of more liquid fuel on the 

piston surface during compression for the wo-octane carrier fuel than for the 3- 

component case. However, further work is required in order to confirm the
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contribution o f this fuel to the final state of the in-cylinder charge. Note that 

air-fuel mixing from out-of-plane sources may not be discounted.

When SOI occurs at 540 CAD, the results suggest that the effects of 

fuel composition are negligible. For this injection timing, the tracer 

distribution is seen to be similarly inhomogeneous for both carrier fuels 

(Figures 5.29e, 5.29f, and 5.32 refer); thus, suggesting that the effects of fuel 

composition are dominated by the shortage o f time available for evaporation 

and mixing to occur. In fact, the experimental results suggest that mixing of 

the airborne droplet/vapour cloud with the surrounding in-cylinder charge is 

incomplete prior to ignition in all o f the cases examined. This lack of mixing 

is evidenced by the manner in which the tracer-rich regions shown in Figures

5.39 and 5.40 remain intact as they move through the cylinder and by their 

correlation with the results shown in Figure 5.29.

Poor mixing between the droplet/vapour cloud and the surrounding 

charge implies that fiiel dispersion in the initial phase of the injection process 

will play a significant role in determining mixture homogeneity at spark. The 

reader will note that charge homogeneity within the experimental combustion 

system has been shown to deteriorate for flashing spray cases, which 

maximise the airborne spray contribution and reduce droplet dispersion. Better 

charge homogeneity is seen in the non-flashing cases where droplet dispersion 

is greater.

It is thought possible that evaporation o f the injected fuel mass may be 

adversely affected by flash boiling. Clearly, some evaporation occurs as part 

of the flashing process itself. It is the rapid vaporisation o f the high-volatility 

components within the fuel that causes the disruption o f the hollow-cone 

structure and finely atomises the remaining spray. Subsequently, these fine 

droplets are drawn into the centre of the hollow-cone to give the typical filled- 

cone structure and limited droplet dispersion of the flash-boiling spray. 

However, the early evaporation of the high-volatility components may be 

expected to lower the local charge temperature near the spray. Similarly, 

further evaporation from the, now, dense droplet field might be expected to 

cause further temperature and concentration gradients unfavourable to 

continued fuel evaporation. Moreover, the reduction in droplet size, and 

therefore momentum, would be expected to reduce the relative motion
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between the fuel droplets and in-cylinder gas flows. Fuel transport away from 

the droplet/vapour cloud, and hence air/fiiel mixing, would deteriorate 

accordingly.

Fuel injector design

Although the experimental results presented in §5.6 were acquired at 

sub-atmospheric cylinder pressures in a conventionally throttled GD-I engine, 

many of the foregoing observations regarding fiiel evaporation and air-fiiel 

mixing are of wider significance to the development of future GD-I 

combustion systems. In particular, the author believes that conclusions drawn 

from the experimental results presented herein are equally relevant to the 

preparation of a homogeneous charge during unthrottled engine operation. 

Fuel injector design and performance is a particular area of concern.

The fuel injector used in the present experimental work was a first- 

generation development unit designed to operate at a fuel rail pressure of 5 

MPa and to produce droplet sizes in the range of 20-30 pm Sauter mean 

diameter (SMD) [Yang and Anderson 1998]. The performance o f this injector, 

although undoubtedly excellent in its time, has been superseded in almost all 

respects by a new generation o f high-pressure swirl injectors. The consequent 

changes in the injector spray characteristics are potentially significant. The 

present generation of GD-I swirl injectors is ordinarily designed to operate at a 

higher fuel rail pressure —  typically between 7 and 12 MPa — than were the 

equivalent first-generation models. This increase in rail pressure serves a dual 

purpose. The higher injection pressure of the new generation injectors allows a 

shorter pulse width for the same injected fuel mass, thereby increasing (albeit 

marginally) the time available for evaporation. Atomisation efficiency is also 

increased. Measurements using Phase Doppler Anemometry (PDA) have 

shown significant decreases in droplet size with increasing injection pressure 

[Kume et a l 1996, Preussner et a l 1998, Kano et a l 1998]. Droplet sizes of 

18 pm SMD or less are routinely reported for the new generation injectors 

operating at a rail pressure o f 10 MPa and a fuel temperature of 20 °C [Kano 

et a l 1998, Hentschel et a l 1999]. Further reductions in mean droplet size are
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reported with increasing injector temperature [Hochgreb and VanDerWege 

1999].

Although the better atomisation provided by the new generation GD-I 

injectors has undoubtedly improved prospects for late-injection, stratified 

charge operation, the results of the present study suggest that homogeneous 

charge operation may be adversely affected by the reduction in droplet size. 

This hypothesis is supported by the following argument. The formation of a 

low-pressure region inside the spray cone is a known operating characteristic 

of the high-pressure swirl atomiser [Hentschel et a l 1999]. This low-pressure 

area introduces a secondary airflow into the spray core, causing a contraction 

of the spray cone and typically filling the inside of the hollow-cone with small 

droplets [Preussner et a l 1998]. Since smaller droplets are more readily 

influenced by the pressure gradients within the cone, the sprays produced by 

the new generation injectors are typically denser and more compact than the 

sprays produced by the previous generation o f injectors.

In fact, there is an increasing body of experimental evidence showing 

significant spray contraction at atmospheric pressure using the new generation 

of hollow-cone pressure-swirl injectors [Ipp et a l 1999, Arcoumanis et a l

1999]. Typically, these narrowed spray structures are seen to be filled with 

finely atomised liquid fuel; thus, producing (albeit by different means) similar 

spray characteristics to those encountered within the flash boiling sprays 

observed herein. The movement of small droplets into the spray core is 

beneficial in stratified mode, providing rapid homogenisation of the fuel cloud 

[Preussner et a l 1998]. However, the reduced droplet dispersion and high 

droplet concentrations of the contracted sprays might reasonably be expected 

to provide, as evidenced by the flash-boiling sprays shown herein, relatively 

unfavourable conditions for evaporation and air-fuel mixing under full-load 

homogeneous charge operating conditions.

The author acknowledges that this hypothesis is as yet unproven, 

however, it is interesting to note that several manufacturers are actively 

researching alternatives to the ubiquitous GD-I pressure-swirl atomiser. In 

recent months, Toyota has released details o f a new direct injection gasoline 

combustion system featuring a thin fan-spray [Koike et a l 2000, Kanda et a l

2000]. Meanwhile, Hitachi has shown dedicated GD-I fuel injectors featuring
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L-shaped and inclined-taper nozzles. Viewed axially, the spray patterns due to 

these innovative designs were shown to be V-shaped in the case of the L-type 

nozzle and an incomplete circle in the case of the inclined-taper nozzle 

[Miyajima et a l 2000]. Perhaps significantly, the open V-pattem spray was 

found to be insensitive to the effects of ambient pressure.

PLIF applied to GD-I combustion systems

In addition to providing significant elucidation as regards the effects of 

fuel composition on mixture preparation within the experimental combustion 

system, the experimental results presented in §5.6 highlight the inherent 

difficulties of applying the tracer PLIF technique to GD-I combustion systems. 

It has been suggested that the subtraction of a mean Mie-scattering (liquid- 

phase) image from a mean PLIF (liquid and vapour-phase) image collected at 

the same crankshaft angle would provide a qualitative picture of the mean 

vapour-phase fuel distribution within the combustion system. However, 

experience gained from the present study suggests that the success of this 

technique is likely to be dependent the batch-distillation characteristics o f the 

fuel/dopant blend.

The results of the author’s fiiel modelling suggest that the co

evaporation of all o f the components within a multi-component-fuel/dopant 

mixture is unlikely to be achieved. Accordingly, the proportion o f tracer in the 

liquid-phase fuel will change throughout the distillation process. It is 

conceivable that the tracer compound may be preferentially evaporated. In this 

case, liquid fuel at the end of the distillation process would contain little or no 

tracer and would not be seen by the tracer PLIF technique. Complementary 

Mie-scattering images should, therefore, be considered an essential part of any 

tracer PLIF experiment. It is also conceivable that high volatility fuel 

components within a multi-component-fuel/dopant blend could vaporise in 

preference to the chosen dopant. In this case, the resulting fuel vapour would 

not be represented in the corresponding PLIF images. In light of these results, 

the author believes that the batch-distillation behaviour of typical multi- 

component-fuel/dopant mixtures effectively prohibits the reliable 

quantification of local air-fuel ratios using the tracer PLIF technique.
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A further practical difficulty in the application of the PLIF imaging 

technique to GD-I combustion systems is that of background correction. PLIF 

images are typically of low intensity and contrast and must, therefore, be 

corrected for the effects of parasit/ fluorescence. Typically, this is achieved by > C  

the subtraction of a background fluorescence image, taken under static or 

motored conditions, from the PLIF fuel image. This is acceptable where there 

is little or no liquid fiiel within the cylinder. However, at acquisition timings at 

which there are significant numbers of liquid droplets within the image plane, 

background fluorescence is increased due to the effects of Mie-scattering.

Under these conditions, the subtraction of a motored background image will 

not sufficiently compensate for the effects of background fluorescence.

The sensitivity o f the PLIF to the effects of background noise was 

found to be higher in the case o f those images corrected for relative dopant 

fluorescence than for those processed for comparative purposes.

Window fouling

The GD-I engine represents a particularly ‘dirty’ optical environment. 

The presence of liquid fuel within the cylinder and the sooty combustion that 

can result from these liquid fuel deposits were noted to lead to rapid window 

fouling. Perhaps unsurprisingly, window fouling was found to be worse in the 

case of the multi-component fuels under investigation than for the case of the 

single component fuel. This is attributable to the low volatility o f some of the 

fuel components contained within the multi-component blends. The effects of 

window fouling can be significant, and care was taken during this 

experimental study to ensure that all o f the optical surfaces were clean at the 

start o f each test.

There were, however, two notable exceptions to this rule. The Mie- 

scattering images shown in Figures 5.8c and 5.9c were collected in a dirty 

engine. These tests, in common with the other Mie-scattering images of the 3- 

component fuel, were performed some months after the other experimental 

work reported in this chapter. Following the acquisition of these two images it 

was discovered that the prior evaporation of doped fuel on the exhaust-valve 

side of the piston crown had left a ‘gummy’ residue in this area. It is believed 

that this residue was responsible for the uncharacteristic shape of the two

214



UN A * IK IN G  GD-1 EN G IN E

hollow sprays shown therein. The piston crown was subsequently cleaned and 

the corresponding ‘hot’ spray images, shown in Figures 5.18f and 5.19f, were 

collected in a clean engine. However, since the primary objective of these two 

image pairs was to demonstrate the comparative collapse of the 3-component 

fuel spray structure due to a change in cylinder block temperature from 20° to 

50° C, the original ‘dirty’ images were allowed to remain.

5.8 Conclusions

An experimental study was carried out to investigate the effects of fuel 

composition on mixture preparation in a firing GD-I engine. A comparison 

was made between the spray characteristics and in-cylinder fiiel distributions 

resulting from the use of a typical multi-component gasoline (European 

specification premium-grade unleaded), a single-component research fiiel (iso- 

octane), and a three-component research fuel (wopentane, wo-octane, and n- 

nonane). Studies were performed at three different injection timings under 

cold and part-warm conditions.

Fuel composition was shown to influence fuel droplet size and 

dispersion through the mechanism of flash boiling. For a hollow-cone 

pressure-swirl atomiser of the type used in the present study, the results shown 

the occurrence of flash boiling to modify the injected spray structures as 

follows:

• The mean droplet size of the spray is reduced.

• The number of droplets is increased.

• The dispersion of the spray is reduced. The smaller droplets o f the flashing 

sprays are more easily influenced by the low-pressure region within the 

spray cone. Thus, the flashing sprays are prone to collapse.

The flash boiling of gasoline sprays was seen for all o f the injection timing 

examined under part-warm conditions. Significant disruption o f the gasoline

However, given the wide range of ambient conditions into which injection

spray structure was seen to require approximately »f superheat.
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may occur, it is concluded that flash boiling will be a significant feature of 

throttled homogeneous-charge GD-I engine operation.

In contrast to the gasoline sprays observed in this study, no change in 

spray structure was seen when using iso-octane fuel in the experimental 

temperature range. It is concluded, therefore, that single component fuels, such 

as iso-octane, may not accurately represent the gasoline spray behaviour under 

ambient conditions that promote flash boiling. This conclusion is noted to be 

of particular significance regarding the application of the PLIF imaging 

technique to GD-I combustion systems.

A 3-component research fiiel consisting of 20% iso-pentane, 70% iso

octane, and 10% w-nonane by volume has been shown to be a suitable carrier 

fuel for fuel tracer LIF studies in the flash-boiling regime. The experimental 

results show mixing between the airborne droplet/vapour cloud and the 

surrounding charge to be incomplete at spark for all fuel compositions and 

injection timings examined. Furthermore, the results suggest that charge 

homogeneity is adversely affected by the occurrence of flash boiling. The 

results indicate that droplet vaporisation and mixing following the initial 

injection event are reduced due to concentration gradient effects within the 

collapsed structures of the flashed sprays. Accordingly, it is concluded that 

adequate droplet dispersion in the initial phases of fuel injection is a critical 

requirement for the production of a good homogeneous charge in a GD-I 

combustion system.

In accordance with the above, it is concluded that the dense, filled 

spray structures typically produced by high-atomisation hollow-cone GD-I 

swirl injectors, whilst excellent for stratified charge operation, may not be 

conducive to the production of a fully homogeneous charge under medium to 

full load operating conditions.
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Addendum: Chapter 5

The informed reader will contrast the findings o f the present study with the earlier 

work of Berckmuller [1996] in which local air-fuel ratio is estimated from fluorescence 

intensity. However, it is the author’s belief that the referenced work contains several 

significant sources o f error. As presented by Berckmuller, the calculation o f air-fuel ratio 

requires the co-evaporation o f the optically transparent base fuel (iso-octane) and the 

fluorescent tracer (3-pentanone). However, Appendix H o f the present work shows the 3- 

pentanone /  iso-octane binary system to form a minimum boiling azeotrope. The molar 

composition o f the azeotrope is approximately 40% 3-pentanone and 60% iso-octane —  

corresponding to a liquid fuel blend o f approximately two parts iso-octane to one part 3- 

pentanone (by volume). The 75% iso-octane and 25% 3-pentanone blend used by Berckmuller 

will result in the preferential vaporisation o f the minority component (3-pentanone). According 

to Berckmuller’s methods, fuel concentration, air concentration, and air-fuel ratio calculations 

are all affected.

The author is also concerned by the assumptions o f  a constant in-cylinder gas- 

temperature and perfect mixing between the residual gases and the fresh charge made in 

Berckmuller’s calculations. Berckmuller’s own studies suggest that there is a significant 

gradient in residual concentration (~ 27 % from exhaust to inlet side in the experimental 

engine) resulting in changes to the local air-fuel ratio. Therefore, the assumption o f perfect 

mixing is disproved. Moreover, the residual gases would be expected to be at a higher 

temperature than the surrounding charge —  especially early in the induction stroke. Given the 

acknowledged temperature dependence o f 3-pentanone fluorescence, images collected during 

this time might reasonably be expected to be, at least in-part (and subject to the degree of 

mixing between the residual gases and fluorescent dopant), temperature maps o f the in

cylinder charge distribution. Furthermore, since the composition o f  the residual gases is 

unknown, the temperature and pressure dependencies o f 3-pentanone fluorescence, which were 

calibrated in air and nitrogen, are unproven.

Berckmuller, M. [1996]: A Study o f Mixture Formation in a Lean Burn Research Engine 

using Laser Fluorescence Imaging, PhD Thesis, School o f Mechanical Engineering, Cranfield 

University.
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Chapter 6

Liquid-Phase Fuel Distributions in a Firing GD-I Engine with a 

Side-Mounted Fuel Injector

The results of an experimental study into the effects of injection 

pressure on the temporal and spatial development of injected fuel sprays and 

their subsequent liquid-phase fuel distributions in a firing side-injected GD-I 

engine are presented. Planar laser Mie-scattering is used to capture images of 

the liquid-phase fuel distributions due to fuel supply pressures o f 50 bar and 

100 bar. A comparison of the spray behaviour (spray penetration, cone angle, 

and apparent atomisation quality) and mixture quality (vaporisation and 

apparent homogeneity) is made between the two sets of fuel images.

6.1 Introduction

The experimental studies presented in Chapters 4 and 5 o f the current 

work considered the effects of fuel injection timing, fuel temperature, and fiiel 

composition on the in-cylinder fuel distributions (both liquid and vapour phase) 

in an experimental GD-I combustion system. The concept examined therein 

was that of a centrally-injected homogeneous-charge engine designed for 

operation with a stoichiometric air-fuel mixture. In recent years, however, the 

focus o f GD-I development has shifted away from the central-injection concept 

towards combustion systems deemed more appropriate for mixed charge mode 

(homogeneous and stratified) operation. Typically, this has resulted in the 

repositioning of the fuel injector nozzle to the side of the combustion chamber 

and the adoption of radical piston crown geometry. At the same time, GD-I 

fiiel injector technology has advanced such that fiiel atomisation by the present 

generation of GD-I injectors is markedly better than that achieved by the first 

generation injector used in the author’s earlier experimental studies. It is 

reasonable to expect this improved atomisation quality and the repositioning of 

the fiiel injector within the cylinder to affect the spatial and temporal behaviour 

of the injected fuel droplets. Furthermore, for a given injector position, changes
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in atomisation quality — and therefore droplet momentum — are expected to 

affect the development of the in-cylinder flow field. Momentum exchange 

between GD-I sprays and the in-cylinder charge has been noted in several 

numerical studies [Han et al. 1997a, 1997b, Yi et al. 2000]. Similarly, a change 

in atomisation quality and droplet momentum might also be expected to alter 

the amount and location of liquid fiiel deposited on the cylinder surfaces.

This study is therefore intended to document the spatial and temporal 

distribution of liquid-phase fuel within the cylinder of a particular side-injected 

GD-I combustion system, and to provide elucidation into the effects of 

atomisation quality and droplet momentum (effected by changes in fuel supply 

pressure) on those distributions. Note that a conventional (flat top) piston 

geometry is used throughout the reported work.

6.2 Experimental Apparatus

The test facility used for the Mie-scattering fuel studies presented in this 

chapter consisted of the engine dynamometer, variable speed drive motor, and 

optically-accessed engine described in Chapter 5 of the present work. The 

engine was fitted with a prototype 4-valve GD-I cylinder head to the same 

basic port, valve, and combustion chamber design as that used in previous 

studies. In this case, however, the original (central) fiiel injector position was 

blanked-ofif, and the fuel injector mounted at a 25° angle to the horizontal 

below the intake port runners as shown in Figures 6.1 and 6.2 overleaf. The 

injector tip was recessed in the squish region between the two intake valves as 

indicated in Figure 6.3. Camshaft profiles and camshaft timings were 

unchanged from those employed in earlier studies. Similarly, the flat top piston 

design used with the near-central injector configuration was retained, as were 

the complete induction and exhaust systems. Airflow measurement was again 

available by means of a modified Ford hot-wire flow meter mounted upstream 

of a plenum and throttle assembly.

The fuel injection system comprised of a prototype Bosch hollow-cone 

pressure swirl injector and drive stage supplied by the Ford Motor Company. 

The nominal cone angle of the injector was given by the manufacturers as 60°.
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Central injector 
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NOT TO SCALE

Figure 6.1: Inclined fuel injector mounting position

Figure 6.2: Intake manifold and side-mounting fuel injector
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Side injector 
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Figure 6.3: Schematic layout of GD-I cylinder head with side-mounted fuel injector

Representative droplet sizes for this injector are reported to be in the range 18 

-  20 pm SMD for an injection pressure of 50 bar, and 1 5 - 1 7  pm SMD for an 

injection pressure of 100 bar under atmospheric conditions [Williams 1999]. 

Note that these values represent a marked improvement in atomisation 

efficiency compared to the Zexel injector used in the author’s earlier studies 

(presented in Chapters 4 and 5 of this work). As in previous studies, high- 

pressure fiiel was supplied to the injector via a paired pneumatic/hydraulic 

cylinder arrangement as described by Salters et a l [1996].

The imaging system comprised of the Nd:YAG laser, light-sheet 

forming optics, and intensified CCD camera system detailed in §5.2 of this 

work. In this case, however, the camera was fitted with a 50-mm Nikon lens — 

due to the unavailability of the 60-mm macro lens used previously. Image 

acquisition and camera gating were again controlled by, respectively, Image 

Pro-Plus™ V4.0 software and the UCL built injector/laser control box 

described in Appendix E. Additional TTL circuitry, added externally to the 

injector/laser control unit, allowed for the automatic advancement of the 

acquisition crank angle during engine operation. Note that due to the finite 

available memory of the camera system PC, the maximum number of images
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that could be acquired in a single sequence was limited to 30. As previously, 

synchronisation o f the camera and laser systems to the optical engine was 

achieved through the use of a crankshaft mounted shaft-encoder with a 

precision o f one CAD.

Engine instrumentation used for this phase of the experimental study 

comprised of the inlet-manifold pressure sensor, UEGO sensor, K-type 

thermocouple (buried in the cylinder block), and cylinder pressure sensor (with 

its associated charge amplifier) described in Chapter 5 of this work. Additional 

K-type thermocouples were located at the tip of the fuel injector nozzle and 

within the cylinder head wall at the unused central injector position. Signal data 

from these five sensors, plus signal data from the modified hot-wire airflow 

meter fitted to the engine’s induction system and the TTL voltage level o f the 

camera gate were recorded by a PC based data logging system. A Coherent 

PlOi pyroelectric energy meter was used to monitor the laser pulse energy 

during operation. The output waveform from the energy meter was recorded 

on a Nicolet 4094-2 digital storage oscilloscope with the corresponding TTL 

level of the camera gate.

6.3 Experimental Procedure

Table 6.1, below, details the engine operating conditions held constant 

for the Mie-scattering imaging experiments presented in this chapter.

Table 6.1: Standard Engine Operating Conditions

Engine speed (rpm) 1500
Cylinder block temperature (°C) 50
Mean manifold absolute pressure (kPa) 60
Fuel composition 3-component/2,3-butanedione blend
Nominal fuel/air equivalence ratio 1
Nominal air flow rate (g/s) 1.75
Injection timing (CAD) 450
Nominal injected fuel mass (mg) 15.5
Intake air temperature (°C) 2 6 -3 0
Ignition timing (CAD) 684
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Experiments were performed at fuel injection pressures of 50 and 100 bar. The 

respective injection pulse-widths were 2.4 and 1.6 ms. These pulse-widths, 

which were chosen to maintain stoichiometric tune as measured by the engine’s 

UEGO sensor, were calculated to deliver a fuel mass o f approximately 15.8 mg 

in the case of the 50 bar spray and 15.0 mg for the 100 bar case (Appendix I 

refers). A blend of zso-pentane, iso-octane, and «-nonane doped with 10% by 

volume 2,3-butanedione was used as the experimental fuel for all o f the 

presented tests. Table 5.3, previous chapter, details the relative volume 

fractions o f the individual fuel components.

With the convention of TDC induction at 360 CAD, test points were 

defined at 15 CAD intervals from 450 (SOI) to 690 CAD. Sets of 25 cycle- 

resolved images were captured at each test point according to the Mie- 

scattering imaging procedure detailed in §5.3 of this work. Similarly, a single 

25-cycle background image was captured at each test point under motored 

engine conditions (no fuel injection). The sequencer option described in §6.2 of 

this work was used to capture further image sets consisting o f 25 images 

acquired at 1 CAD intervals. Sufficient o f these sequenced image sets were 

captured to allow the construction of an animated ‘false’ movie of fuel spray 

and droplet motion covering the full period between SOI and spark. Note that 

each set o f 25 images represents a span of 50 firing cycles.

6.4 Data Processing and Analysis

The PC based data logging system used for this phase of the 

experimental study consisted o f a National Instruments PCI-M10-16E-4 data 

acquisition board and LabVIEW™ V5.0 software. The system was configured 

to record differential voltage inputs from eight analogue channels. Table 6.2, 

overleaf, details the channel numbers and their respective input sensors. A data 

acquisition programme, written as part o f an earlier MSc. project [Dargains 

1998], was used to write each channel data to a binary file with a precision of 

one data point per crankshaft degree. The binary data files were subsequently 

converted to ASCII format (using a pre-written routine available within the 

LabVIEW distribution) and imported into a commercial spreadsheet program 

(Microsoft® Excel 97) for processing and analysis.
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Table 6.2: LabVIEW Channel List

Channel Input Sensor
0 Cylinder pressure
1 Injector tip temperature
2 Air/fuel ratio
3 Cylinder head temperature (central injector position)
4 Air mass flow rate
5 Intake manifold pressure
6 Cylinder block temperature
7 Camera integration on/off (TTL level)

The raw channel data was processed within Excel using a range of 

Visual Basic macros written by the author and listed in Appendix J o f this 

work. The pressure datum, necessary for the conversion of the relative 

piezoelectric pressure signal to an absolute pressure value, was taken to be the 

mean intake manifold pressure during the cycle o f interest. Further cycle mean 

values were calculated for the AFR, air flow, block temperature, head 

temperature, and injector tip temperature channels. It should be noted that 

within this study, the scaled cylinder pressure data was used solely for the 

identification of non-firing or significantly misfiring cycles in the data set. 

Accordingly, the error induced by uncertainties in the pressure datum was not 

considered to be sufficient as to affect the interpretation of the experimental 

results.

Data from the Nicolet oscilloscope (CCD integration and laser energy 

meter signals) were also processed within an Excel spreadsheet. However, due 

to the finite memory o f the digital oscilloscope combined with the high 

temporal resolution required to record the energy meter signal with accuracy, 

the data available was limited to the first second of each acquisition sequence. 

Accordingly, the data only provides a measurement of laser pulse energies for 

the first six images captured at any given test point. The TTL level o f the 

camera gate, recorded simultaneously with the laser energy meter signal, was 

used to identify those laser pulses corresponding to imaged fuel events. Figure 

6.4, overleaf, illustrates the unsealed output of the Nicolet data for a single test
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Figure 6.4: Nicolet data for image acquisition at 615 CAD (imaging cycles indicated by a 

low CCD integration level)

condition. Imaging cycles are indicated by a low (~ 0V) signal on the camera 

gate.

The peak voltage level o f the laser energy meter for each imaging cycle 

was extracted from the raw data and written to a separate Excel workbook. 

Subsequently, these peak values were normalised with respect to the mean 

value o f the entire data sample, i.e. the mean of the combined set o f peak 

values for all experimental test points. Originally, it was intended that this 

normalised pulse data be used to correct the Mie-scattering intensity o f the 

experimental images for the shot-to-shot variability o f the laser output. 

However, statistical analysis o f the (normalised) sample showed the standard 

deviation o f the laser pulse energy to be less than 2%. Given this level of 

operational stability, and the limited number o f recorded pulses (with respect to 

the number o f collected images), no such intensity correction was considered 

necessary.

The scaled test data from the LabVIEW and Nicolet recordings were 

used to select suitable images for further analysis according to the following 

criteria:
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1. The cycle mean values of intake manifold pressure, air flow, and 

cylinder block temperature were required to be within a fixed 

percentage of the nominal values given in Table 6.1. The acceptable 

error levels were set at ± 5% for the manifold pressure, ± 3% for the 

air flow rate, and ± 8% for the cylinder block temperature.

2. Good combustion, as evidenced by the cycle pressure history, was 

required in the engine cycle preceding image acquisition. Combustion 

of the preceding cycle was considered necessary to clear existing fuel 

from the cylinder prior to the imaged injection event. Note that there 

was no such combustion requirement of the image cycle itself.

3. The camera gate signal was required to be high (~ 5 V) at the 

acquisition crank angle in both the cycle preceding and the cycle 

following image capture.

It should be noted that the third selection criterion listed above was 

necessary due to the particular operating characteristics of the experimental 

camera system. The CCD camera was externally gated within a software- 

controlled integration period. Although this external gate signal was 

synchronised to the engine (via a camshaft mounted optical shaft encoder), no 

facility was available by which the CCD integration period could be 

synchronised to the crankshaft position. Therefore, the integration period was 

set to correspond to the duration of the 4-stroke engine cycle at the nominal 

engine speed (80-ms at 1500 rpm). During image acquisition, the first 

integration period was triggered manually; thus, in the first imaging cycle, the 

start of integration occurred at a random crankshaft position. Given that the 

integration period was set to match the cycle duration, the start o f integration 

in subsequent imaging cycles should, theoretically, have occurred at the same 

angular position. However, it was found that this did not happen in practice. A 

combination of inaccurate hardware clocks, timing jitter, and the inevitable 

minor variations of engine speed during testing typically caused the CCD 

integration period to travel with respect to the initial trigger position in 

subsequent cycles. The data shown in Figure 6.4 clearly illustrates the

2 2 8



WITH A SIDE-MOUNTED FUEL INJECTOR

‘travelling’ tendency o f the integration period with respect to the laser emission 

signal — which is synchronised to the engine. In the extreme case, it was 

shown possible for a single integration period to span two laser pulses. 

Depending on the cyclic variability of the fuel distribution at the crank angle of 

interest, the corresponding (double-pulsed) images were shown to be either 

overexposed, leading to saturation, or to show an unusually large fuel cloud in 

comparison with other images collected at the same test point.

All of the experimental images were automatically validated against the 

aforementioned selection criteria within the data processing macro listed in 

Appendix J. Images failing to meet all three criteria were set aside for later 

consideration.

6.5 Image Resolution and Processing

The experimental images were sorted according to the selection criteria 

outlined in §6.4. Ten representative images were averaged to give a mean fuel 

distribution at each point within the test matrix. The mean distribution images, 

and the cycle-resolved images from which they were constructed, were then 

corrected for the effects of background noise. The most significant noise 

sources in the experimental images were thought to be: secondary light 

scattering from out-of-plane fuel droplets, and the reflection of scattered light 

from in-cylinder surfaces. The presence o f large numbers of fuel droplets within 

the image plane greatly increases the occurrence of secondary light scattering. 

Background images collected under motored conditions cannot, and do not, 

account for these scattering effects. Therefore, conventional correction 

methods, which use motored in-cylinder reference images, are ineffective where 

a significant amount o f liquid fuel exists within the image plane —  conditions 

typical of those found within the cylinder of a GD-I engine for much of the 

intake and compression strokes. Consequently, a two-stage background 

correction procedure — consisting of grey-scale subtraction and false-coloured 

thresholding —  was developed by the author for use in this study. This 

procedure, detailed below, was applied on an image-by-image basis.

In the first stage of the procedure, the raw pixel values were remapped 

so as to invert the image contrast — low intensity grey-scale images are more
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easily viewed against a white background. A small area of interest (AOI) was 

defined in the region outside of the light-sheet plane. Since this region was not 

directly illuminated by the laser-light, it was assumed that the mean intensity 

level of the AOI could be taken as representative of the background noise level 

of the sampled image. Accordingly, this value was subtracted from the pixel 

values o f the remapped (inverted contrast) images. The resultant images (both 

average and single-cycle) were trimmed to match the dimensions of the laser 

light sheet and converted to 8-bit grey scale format. These images were 

subsequently contrast enhanced using the statistical optimisation routine 

described previously in §5.5.

In the second stage, background noise was further reduced by false- 

colouring the contrast-enhanced grey-scale images and then thresholding the 

colour images. The colour spread used in this phase o f the experimental study 

was from blue (low pixel intensities) to red (high pixel intensities) in 24 equal 

width intervals. Note that this is the reverse of the colour spread used for false- 

colouring PLIF images in the previous chapter. In this case, the upper threshold 

value of the false-colouring process was assigned to the highlight point (255), 

while the lower threshold level was set interactively so as to remove unwanted 

background noise. It is worth noting that although this thresholding method is 

necessarily subjective, the variation of lower threshold values was less than 10 

(of 255) grey-scale levels for the entire set of experimental images. Finally, the 

false coloured images were converted to 24-bit RGB format and exported to a 

commercial word-processing programme (Microsoft® Word 97) for analysis 

and display.

Prior to their analysis, the false-coloured images were resized to match 

the true aspect-ratio of the field-of-view and pasted into a prepared display 

frame —  the layout of which is shown in Figure 6.5 overleaf. The relative 

position of the fuel injector to the field-of-view is shown to scale and, where 

appropriate, the spray axis, nominal cone angle, and approximate piston 

position at the crank angle of interest are shown. The frame width is equivalent 

to the diameter of the cylinder bore. In common with all other images shown 

within this work, the right-hand side of the displayed images corresponds to the 

intake-valve side of the cylinder bore. The author recognises that resizing the

230



WITH A SIDE-MOUNTED FUEL INJECTOR

60° spray angle Fuel injector 
position

Fuel spray 
axis Image

centreline

Effective field 
of viewPiston position at 

crank angle of 
interest

Bore diameter

Figure 6.5: Layout of image display frame

experimental images to match the true aspect-ratio of the light sheet within the 

camera’s field of view does not provide a precise correction for the lens effect 

o f the viewing window. As discussed in Chapter 5 of this work, the lens effect 

of the engine’s cross bore window causes an optical distortion in the horizontal 

direction of the experimental images. It has been shown that, within the limits 

of experimental image plane, this optical distortion approximates to a linear 

function o f distance from the image centreline [Guerrier 1999]. Resizing the 

images, in the manner described above, applies a fixed scale factor to the width 

of each pixel within the image; thus, the image is uniformly distorted across the 

width of the image plane. With respect to the experimental results, this implies 

some unnecessary stretching o f features close to the centreline o f the images. 

However, features close to the outer edges o f the experimental images will be 

more accurately positioned with respect to the combustion chamber geometry. 

The estimation of spray parameters such as cone angle and penetration rate is 

facilitated accordingly.

In addition to those images processed according to the above routine, 

some experimental results are presented in this chapter as background- 

corrected monochrome images. In these cases, only the first phase o f the 

background correction routine described above was applied. It should also be
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noted that the spatial resolution of the raw images captured in this study was 

lower than for those images presented in earlier chapters. This loss of 

resolution is entirely due to the change of camera lens forced upon the author 

by circumstance. The 50-mm Nikon lens used for these later studies focused a 

light-sheet area of approximately 74 x 56 mm onto a 254 x 340 pixel area of 

the CCD chip. This represents a 36% reduction in the camera’s active pixel 

area when compared to the 60-mm macro lens used in previous studies. 

Therefore, following the arguments presented in §5.4 of this work, the true 

resolution of the raw images captured in the study described herein was 

estimated to be 0.65-mm.

6.6 Experimental Results

Figure 6.6, overleaf, illustrates the spatial and temporal development of 

liquid-phase fuel within the experimental combustion system when subject to a 

fuel injection pressure of 100 bar. The corresponding fuel distributions for the 

case of injection at a supply pressure of 50 bar are illustrated in Figure 6.7 on 

the subsequent page. Both figures consist of twelve images of the average (10- 

cycle) fuel distribution in the period from 455 CAD to 617 CAD —  the signal- 

to-noise ratio (SNR) of images collected at crank angles beyond 617 CAD was 

found to be unacceptably low for reliable background correction, thus 

preventing their inclusion in these figures.

In both the 50 and 100 bar injection cases, the spatial development of 

the injected droplet cloud is seen to follow a similar anti-clockwise rotational 

pattern around the image plane. However, despite the apparent similarity o f the 

spatial distributions shown in Figures 6.6 and 6.7, there are some significant 

differences in the temporal development o f the sprays. Comparison o f Figures 

6.6a and 6.7a (acquired 5 CAD, or 0.56ms, after SOI) clearly show the axial 

penetration of the spray’s leading edge to be greater in the case o f the 100 bar 

injection pressure than for the 50 bar case. Although the author acknowledges 

the limited field of view available at this early acquisition point, it is interesting 

to note the apparent deviation of this initial phase of the spray from the line of 

the injector axis. Figures 6.6b and 6.7b show that the axial penetration o f the 

injected fuel (in the liquid-phase) continues to be greater for the 100 bar case
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(a) 455 CAD (b) 462 CAD (c) 482 CAD

(d) 497 CAD (e) 512 CAD (f) 527 CAD

(g) 542 CAD (h) 557 CAD (i) 572 CAD

(j) 587 CAD (k) 602 CAD (1)617 CAD

Figure 6.6: Spatial and temporal development of liquid-phase fuel (10-cycle average) -  

100 bar injection pressure
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(a) 455 CAD (b) 462 CAD (c) 482 CAD

(d) 497 CAD (e) 512 CAD (f) 527 CAD

(g) 542 CAD (h) 557 CAD (i) 572 CAD

(j) 587 CAD (k) 602 CAD (1)617 CAD

Figure 6.7: Spatial and temporal development o f liquid-phase fuel (10-cycle average) -  50 

bar injection pressure
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than for the case of injection at 50 bar at an acquisition time o f 12 CAD (or 1.3 

ms) after SOL It is noticeable, however, that the difference in penetration 

owing to the two fuel supply pressures is reduced —  perhaps suggesting that 

the droplets contained within the leading edge of the 50 bar fuel spray have a 

greater momentum than those within the 100 bar spray. At this acquisition 

point, both sprays are viewed as solid cones — no evidence o f a hollow core is 

seen within any of the experimental images captured in this study. As far as 

cone angle is concerned, the lower edge of both spray forms initially appear to 

fall either on or close to the expected boundary position of a 60° cone. 

Interestingly though, there is marked change in cone angle, representing a 

possible contraction of the spray, close to the centreline of the image plane. 

Note that there is no evidence of 'roll-up’ vortex formation on the shoulders 

o f either spray at this time.

The liquid-phase fuel distributions due to the two supply pressures are 

most obviously different at an acquisition time o f 32 CAD (or 3.56 ms) after 

SOI. For the 100 bar injection pressure, this acquisition point occurs 

approximately 2 ms after the end of the injection event. The experimental 

results clearly show the trailing edge of the spray to have reached the centre of 

the image plane by this time (Figure 6.6c). Figure 6.6c also shows liquid fuel to 

have reached the edge o f the light-sheet on the exhaust-valve side of the bore. 

Subsequent analysis of an animated image sequence for this injection pressure 

suggests that the liquid fuel first reaches the edge o f the light-sheet 

approximately 9 CAD (or 1 ms) after SOI. For the case of fuel injection at 50 

bar, the image acquisition time of 3.56 ms after SOI occurs only 1.16 ms after 

the end o f injection (Figure 6.7c). In contrast to the 100 bar case, the trailing 

edge of the fuel spray is not visible in the images collected at this time. There is 

some indication of ‘roll-up’ vortex formation on the spray shoulder in this 

image and liquid fuel is seen to have reached the exhaust valve side of the 

image plane. Analysis of an animated image sequence for this injection timing 

suggests that liquid fuel first reaches the edge of the light-sheet approximately 

17 CAD (or 1.9 ms) after SOI.
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Figures 6.6d to 6.6i and 6.7d to 6.7i show the movement of liquid fuel 

about the image plane after the injection event. The droplet cloud, which is 

initially positioned at the exhaust-value edge o f the field of view, is seen to 

move down the exhaust-valve side of the bore, across the lower edge of the 

image plane, and up the intake-valve side of the bore. Thus, the fuel follows an 

anti-clockwise rotational path around the field of view. Comparing the relative 

positions of the fuel clouds shown in Figures 6.6d to 6.6i and 6.7d to 6.7i, it 

can be seen that the spatial development of the 50 and 100 bar cases, although 

similar, are approximately 15 CAD out-of-phase. The fuel distribution for the 

100 bar injection pressure at an acquisition timing of 527 CAD is similar to the 

50 bar fuel distribution collected at 542 CAD and so on. This trend appears to 

be continued in those images captured later in the cycle (Figures 6.6j to 6.61 

and 6.7j to 6.71). Note the high concentration of liquid fuel in the upper intake- 

valve side of those images captured at 617 CAD.

Figures 6.6 and 6.7 illustrated the spatial and temporal development of 

the average in-cylinder fuel distribution, constructed from 10 representative 

single-cycle images, for both of the injection pressures examined. Although 

these two figures do provide valuable insight into mixture preparation within 

the experimental combustion system, they do not allow the effects o f cyclic 

variation to be considered. It is well known that non-repeatability of injection 

and airflow events may introduce significant cycle-to-cycle variations in the in

cylinder fuel distribution at spark, thereby affecting combustion stability and 

exhaust emissions. Figure 6.8, overleaf, illustrates the cyclic variation of the 

liquid-phase fuel distribution 12 CAD (or 1.32 ms) after SOI when subject to a 

fuel injection pressure of 100 bar. The figure consists of six images. Figure 6.8a 

shows the 10-cycle average fuel distribution for this acquisition point. The 

remaining five images displayed within the figure are cycle-resolved pictures of 

the liquid-phase fuel distribution at the same test point. It can be seen that 

although some minor variations in the spray pattern do exist in the leading edge 

of the spray, the cycle-resolved fuel distributions show excellent consistency in 

terms of the apparent cone angle and spray penetration. A similar level of 

consistency in terms of apparent cone angle and axial penetration is shown by
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(b)(a)

(d)(c)

(e) (f)

Figure 6.8: Cycle-to-cycle variation at 462 CAD -  100 bar injection pressure: (a) average 

fuel distribution, (b) -  (f) cycle resolved fuel distributions
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(a) (b)

(c) ( d )

(e) (f)

Figure 6.9: Cycle-to-cycle variation at 462 CAD -  50 bar injection pressure: (a) average 

fuel distribution, (b) -  (f) cycle resolved fuel distributions
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the corresponding fuel distributions for injection at 50 bar (Figure 6.9 on the 

previous page).

Figures 6.8 and 6.9 represent the cyclic variability of the in-cylinder 

distribution during or shortly after the injection event (depending on the 

experimental injection pressure. Similarly, Figures 6.10 and 6.11 show the 

cyclic variation of the fuel distributions due to the two experimental injection 

pressures at 617 CAD. These images follow the general pattern o f Figures 6.8 

and 6.9 in that the 10-cycle average fuel distribution for this test point is shown 

alongside five cycle resolved fuel images collected at the same acquisition 

angle. It is immediately apparent from the results shown in Figures 6.10 and

6.11 that the degree of cyclic variation at this later injection timing (617 CAD) 

is considerably greater than that seen at 462 CAD. However, despite the 

obvious variation in both the quantity and location airborne liquid fuel within 

the cylinder, the consistency of the liquid fuel film on the piston surface is 

striking. In both the 100 and the 50 bar injection cases, liquid fuel is seen to 

extend across the visible width of the piston crown. Furthermore, in both cases 

a greater quantity of liquid fuel is seen on the intake-valve side of the bore than 

is seen on the exhaust-valve side of the bore.

Figure 6.12 shows fuel spray structures owing to the two experimental 

injection pressures at an acquisition time of 10 CAD (or 1.1 ms) after SOI. The 

images shown in this figure have been background-corrected but no contrast 

enhancement has been performed. In the case of injection at 100 bar (Figure 

6.12a, the injected fuel would appear to be finely atomised. Few individual 

droplets are visible within the spray structure, which is seen to contain a dense 

core of fuel close to the spray axis. In contrast, the spray structure for the 50 

bar injection case (Figure 6.12b) appears to be considerably less dense than that 

seen at 100 bar. It also seems less well atomised —  Figure 6.12b shows a 

significant number of individual droplets within the leading and outer edges of 

the spray.

Figure 6.13 shows background-corrected and contrast-enhanced Mie- 

scattering images for both of the experimental injection pressures at an 

acquisition crank angle of 660 degrees (24 CAD before spark). Note that, in 

contrast to all other images shown in this chapter, the images shown in Figure
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I

(a) (b)

(c) (d)

(e) (0

Figure 6.10: Cycle-to-cycle variation at 617 CAD -  100 bar injection pressure: (a) average 

fuel distribution, (b) -  (f) cycle resolved fuel distributions
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( C ) (d)

(e) (f)

Figure 6.11: Cycle-to-cycle variation at 617 CAD -  50 bar injection pressure: (a) average 

fuel distribution, (b) -  (f) cycle resolved fuel distributions
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(a) 100 Bar (b) 50 Bar

Figure 6.12: Fuel spray structures for injection pressures of 100 and 50 bar (Image 

acquisition at 460 CAD)

6.13 have not been cropped to the match the visible width o f the laser light 

sheet. In fact, the images displayed in this figure were cropped to the 

dimensions o f the engine’s cross-bore window. Figures 6.13a and 6.13b, 

therefore, include areas o f the cylinder that are not directly illuminated by the 

laser light. The greater width o f the images presented in Figure 6.13 was found 

to facilitate the analysis o f the author’s late cycle results. The reader will recall 

that the SNR of images captured later than 617 CAD was considered to be too

(a) 100 Bar (b) 50 Bar

Figure 6.13: Late compression-stroke mel distributions for injection pressures o f 100 and 

50 bar (Image acquisition at 662 CAD)
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low for reliable separation o f the liquid fuel signal from the effects o f 

background noise. However, it was found that the position o f the laser sheet 

could be shown by the subtraction o f an average background image from the 

raw image data followed by a gradual reduction in the global image intensity. 

Figures 6.13a and 6.13b, previous page, show the typical results o f this 

correction procedure: note that the vertical edges of the laser sheet are clearly 

defined. The implications o f this important result are discussed in the next 

section o f this chapter.

(a)

I

(b)

C2
I

(c) (d)

Figure 6.14: In-cylinder combustion images
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The final set of experimental results to be presented in this section is 

shown in Figure 6.14 on the previous page. The images shown therein differ 

markedly, both in terms of their content and in terms of their temporal 

resolution, from all other images presented in the entirety of this work. Each of 

the four images shown within the figure represents the result of charge 

acquisition over the period of one complete (firing) 4-stroke cycle. Uniquely 

within the present study, no external light source was used during the imaging 

process. The exposed (dark) areas of the presented images are due to 

combustion luminosity within the acquisition period. Images captured by this 

technique are, therefore, three-dimensional. The results show a heavily exposed 

(dark) region in the upper right-hand comer of each of the images contained 

within Figure 6.14. These heavily exposed regions are shown on a background 

that is marginally darker in the upper half of the field of view than is the case in 

the lower half of the image. It is known that normal premixed combustion in 

spark ignition engines radiates light in the blue region of the visible spectrum 

[Heywood 1988]. Furthermore, the spectral response of the CCD camera used 

within this study is known to be low in this region. Accordingly, the author 

interprets the graduated background of experimental images as being due to 

normal combustion within the engine, while the darker areas in the upper right- 

hand comer of the images are believed to be the result o f luminescent diffusion 

flames. Note that these diffusion frames were not seen in all o f the images 

collected in this manner. The significance of these results is discussed further in 

the next section of this chapter.

6.7 Discussion

Spray characteristics and injector performance

The spray characteristics of the experimental injector design, a Bosch 

pressure-swirl atomiser with a nominal cone angle of 60°, have been the subject 

o f several detailed studies performed under static test-rig conditions. 

O’Donoghue [1999] performed a variety of planar laser Mie-scattering imaging 

and laser-diffraction droplet sizing experiments subject to both atmospheric and 

sub-atmospheric ambient pressures. Williams [1999], on the other hand,
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investigated the droplet sizes, distributions, and velocities due to the 

experimental injector design at ambient pressures both above and below 

atmospheric using a two-component phase doppler particle analysis (PDPA) 

technique. Both of the above mentioned researchers investigated the effects of 

fuel temperature, fuel composition, and fuel supply pressure on the 

characteristic performance of the injector. However, as has been clearly shown 

in earlier chapters of this work, injector spray characteristics determined under 

quiescent test-rig conditions may be much modified by the highly dynamic in

cylinder environment typical of a firing internal-combustion engine. Therefore, 

the remainder of this sub-section makes comparison of the spray behaviour 

observed in the author’s present study — performed in a firing optical engine 

— with the earlier test-rig results of Williams and O’Donoghue. Note that all 

results quoted from Williams refer to measurements of an indolene fuel spray. 

The quoted results from O’Donoghue refer to observations of a commercial 

unleaded gasoline.

Figure 6.15, below, details the axial penetration of the injected fuel 

(along the injector axis) in the firing engine for both 100 and 50 bar injection 

pressures. The data points shown therein were extracted from an animated 

sequence of cycle-resolved spray images. Note that the two continuous lines

o  50  Bar A 100 Bar

a  50

c  40  
a-
15 30

0.4 0.5 0.6 0.7 0.8 0.90.2 0.3

Tim e elapsed after SOI / ms 

Figure 6.15: A x ia l spray penetration  for in jection  pressu res o f  100 and 50  bar
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shown within the figure are second-order polynomial fits (in the least squares 

sense) to the experimental data. The reader will note that these line-fits cross 

the figure’s x-axis at a value of approximately 0.26ms after SOI. This is 

consistent with the observations of, among others, Hentschel et al. [1999] and 

Arcoumanis et a l [1999] who have reported a consistent time delay of between 

0.25 and 0.3ms between the start o f injection signal and the first appearance of 

liquid fuel at the injector nozzle for this type of injector. This time delay is 

attributed to a combination of electrical, mechanical, and flow delays [Abo- 

Serie et al. 1999].

The two polynomials equations fitted to the experimental penetration 

data were differentiated in turn to yield velocity equations for the two sprays. 

Starting velocities of 173 and 117 m/s were calculated for the 100 bar and 50 

bar cases respectively. Although these values are at first glance surprisingly 

high, the author notes that the 100 bar case compares favourably with the 

figure of approximately 200 m/s that can be derived from the penetration data 

of O’Donoghue. This 200 m/s value is for the injection of heated (80 °C) 

gasoline into atmospheric ambient conditions. Under cold conditions (20° C 

fuel temperature), a lower value of 143 m/s is found. Regrettably, no 50 bar 

penetration data was available for comparison. Interestingly, O’Donoghue 

reports a decrease in the axial penetration of the spray with decreasing ambient 

pressures. The author believes that the reported change in axial penetration is 

due to a corresponding increase in the cone angle noted by O’Donoghue at low 

ambient pressures under quiescent test-rig conditions.

It is informative to consider the relative magnitudes of the axial 

velocities reported above and the values reported by Williams [1999]. For an 

injection pressure of 100 bar injecting into atmospheric air, Williams’s PDPA 

results indicate a strong radial variation in the axial velocity profile of the main 

spray body. Measurements taken 50-mm downstream of the injector nozzle 

show mean droplet velocities ranging from approximately 27 m/s close to the 

injector axis to less than 5 m/s at a 15-mm radius from the centre. A similar 

range and radial stratification of mean velocities is reported for injection at 50 

bar. Thus, for a given injection condition, the velocities reported by Williams
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are, typically, an order of magnitude lower than the spray velocities found in 

the present work. This (apparent) inconsistency is explained by considering the 

fundamental properties of the two measurement techniques.

Penetration data extracted from two-dimensional fuel spray images — 

as in the study described in this chapter —  provide a measure of the spray’s 

leading-edge motion within the image plane. It is well known that, for a typical 

pressure-swirl atomiser, this leading edge is comprised of larger fuel droplets 

than is the main body of the spray that follows [Parrish and Farrell 1997, 

Preussner et a l 1998, Comer et a l 1999]. These relatively large droplets, 

which are formed in the initial phase of fuel injection and are comparatively few 

in number, have greater momentum and therefore penetrate further in the 

cylinder than do the smaller droplets produced later in the injection event. The 

PDPA method, used by Williams, belongs to the single point, single particle- 

counting class of measurement techniques [Allen et a l 1998]. Typically, the 

measurement volume is small —  probe volumes of less than 0.1-mm diameter 

are common in dense spray applications. Given this small measurement volume, 

it is usual to acquire a statistically meaningful sample (typically, several 

thousand droplets) at each measurement point and to calculate representative 

mean values based upon this sample. Due to their relative sparseness within the 

spray, the probability o f the high-velocity leading-edge droplets passing 

through the measurement volume is low. Moreover, the measurement range of 

the PDPA system is limited —  in order to capture small droplet data large 

droplets must be excluded. Therefore, whereas velocity and penetration data 

derived from imaging techniques follow the transient leading edge of the spray; 

PDPA measurements are more representative of the higher density cloud of 

smaller droplets behind it. It is interesting to note that both Preussner et a l

[1998] and Williams [1999] report a further reduction of droplet velocity in the 

trailing edge of the spray. This decrease in penetration velocity, which is 

attributed to a rise in injector pressure — leading to smaller droplet production 

— during the closing phase of the injection event, is thought to explain the 

absence o f the spray’s trailing edge from the image shown in Figure 6.7c.

The experimental results shown in Figures 6.6a -  6.6b and 6.7a -  6.7c 

suggest that, for both of the supply pressures under investigation, the injected
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sprays are filled with liquid fuel: no evidence of a hollow core is seen in either 

case. A separate spray core and wall are noticeable in the 50 bar images shown 

in Figure 6.9 however. These features are not seen in the author’s spray images 

captured at 100 bar injection pressure shown in Figure 6.8. This suggests that 

the core o f the 50 bar spray, although containing liquid fuel, is less dense than 

is the case for the 100 bar spray. O’Donoghue [1999] reports filled spray cones 

when injecting at both 20 and 100 bar into atmospheric ambient conditions — 

although the spray cone is reported to contain a hollow core when injecting at 

20 bar into a reduced ambient pressure. Williams [1999] also reports the 

presence o f droplets in the spray core for both 50 and 100 bar injection 

pressures under atmospheric conditions. Interestingly, Williams’s results do 

suggest that there are marked differences in the atomisation quality of the two 

sprays. PDPA measurements taken 50-mm from the injector tip indicate that 

there is little radial variation (< 3 pm) in SMD within the spray for an injection 

pressure o f 100 bar. For the 50 bar case, however, a distinct radial stratification 

of SMD, ranging from approximately 15 pm at the spray core to 29pm at the 

outer edge, is seen. The available PDPA results (100 bar supply pressure only) 

suggest that neither the atomisation quality of the spray nor the radial 

distribution of droplet sizes is significantly changed by a reduction in ambient 

pressure to 0.5 bar. Accordingly, the author’s experimental observations of 

spray structure for the two supply pressures under investigation, shown in 

Figure 6.12 of this chapter, are seen to be consistent with the earlier results of 

Williams.

Although Williams’s PDPA results suggest that atomisation is not 

greatly affected by a reduction in ambient pressure (from 1 to 0.5 bar) they do 

indicate that the cone angle of the spray is increased with decreasing ambient 

pressure. Similar findings have been reported for this injector by Wagner et al. 

[1999]. A relatively minor increase in the included cone angle of the spray has 

also been observed with a reduction o f fuel pressure [O’Donoghue 1999]. 

Spray cone angle is an important parameter in GD-I combustion system design. 

Regrettably, the field-of-view o f the apparatus employed in the present study 

was such that neither injector tip nor the upper edge of the spray structure was
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visible in the results. Accordingly, the estimation of spray cone angles was not 

attempted.

Gas flow interactions

Results from the author’s previous studies, presented in Chapters 4 and 

5 of this thesis, have shown that the nominally axisymmetric spray structures 

produced by GD-I pressure-swirl atomisers may be significantly deformed or 

displaced by interactions with the engine’s intake-jet and intake-generated gas 

flows. The start-of-injection timing used in the present study (450 CAD) 

corresponds to the period of maximum intake flow momentum, and it has been 

predicted that a strong jet-flow is formed between the two intake valves at this 

time [Han et a l 1997a, 1997b]. In the author’s earlier work at this injection 

timing, the jet flow was seen to push the (centrally injected) spray away from 

the intake-valve side of the cylinder. In the present study, the fuel injector is 

mounted directly behind the area in which the central intake-jet is expected to 

form. It would seem reasonable, therefore, to expect the central jet flow to 

impact the upper surface of the side-injected spray structure. The downward 

deflection of both the 100 bar and the 50 bar spray cases observed in Figures 

6.6a and 6.7a (5 CAD after SOI) suggests that this is indeed the case. The 

author notes that this downward deflection of the injected fuel is predicted 

numerically in a similar side-injected GD-I combustion system by Yi et a l 

[2000].
In an earlier experimental study, presented in Chapter 4 o f this thesis, 

the author showed that the presence of an impinging intake jet flow could 

inhibit the formation of roll-up vortex structures near the area of jet 

impingement. The fuel injector employed in the earlier work was positioned 

close to the cylinder axis, injecting almost vertically into the cylinder. It was 

hypothesised, therefore, that the effect of the intake jet impingement was to 

reduce the local relative velocity between the injected fuel droplets and the in- 

cylinder gases. The viscous drag forces that contribute to roll-up vortex 

formation were thought to be reduced accordingly. In the present study, the 

injector tip was located in the squish region between the two intake valves.
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Moreover, the injector axis was aligned across the bore at a 25° angle to the 

horizontal. This positioning and alignment suggest that fuel injection in the 

present experimental study will occur at a shallow angle to the intake jet flow 

that is predicted to exist at 450 CAD. In this case, the relative velocity between 

fuel droplets in the main body o f the spray and the surrounding gases will be 

less than that found between the same spray droplets and a quiescent charge. It 

would seem reasonable, therefore, to expect the formation of roll-up vortices in 

the experimental engine to be suppressed or delayed in comparison with the 

vortex formation shown in test-rig results.

The results of the present study —  performed in a firing engine — 

suggest that there is no roll-up vortex formation on the lower (visible) edge of 

the injected sprays for a fuel injection pressure of 100 bar (recall that the upper 

edge of the spray is not seen in the experimental field-of-view). In contrast, the 

experimental results presented in Figure 6.7c suggests that vortex formation 

does occur in the 50 bar case. At present, this result is not fully understood. 

Subject to a chamber pressure of 0.5 bar, O’Donoghue [1999] reported a 

complete absence of roll-up vortices on sprays from the experimental injector 

at supply pressures o f both 100 bar and 20 bar. Roll-up vortices were noted for 

the 100 bar case under atmospheric chamber conditions, but again no vortex 

formation was seen for a supply pressure of 20 bar. On the other hand, the 

PDPA measurements of Williams [1999] suggest that there is some degree of 

vortex formation for the 100 bar spray injected into an ambient pressure of 0.5 

bar. Measurements taken 50-mm below the injector tip show the periphery of 

the spray to have a negative (i.e. upward) mean axial velocity. The author 

believes that the differences in the results of these two researchers may be 

explained by the greater spatial resolution of the PDPA technique used by 

Williams.

It is thought possible that the results o f the present study, with respect 

to roll-up vortex formation, may be influenced by temporal considerations. The 

time required for vortex motion to be established is expected to vary with 

injector design. For a 90° cone angle injector (from an unknown manufacturer) 

subject to atmospheric conditions, the spray imaging experiments of Ipp et al.
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[1999] show vortex formation to occur approximately 1.15 ms after SOI. In 

contrast, the results o f O’Donoghue suggest that, under atmospheric 

conditions, vortex formation starts approximately 0.7 ms after SOI for injector 

used in the present study. It is hypothesised that the time required for vortex 

formation in the experimental engine is significantly increased at the 

experimental test point due to a reduction in aerodynamic interaction between 

the spray and the low-pressure charge. Accordingly, the shorter injection 

period of the 100 bar case may not allow sufficient time for the roll-up vortices 

to form. In contrast, the longer injection period of the 50 bar case may be 

favourable to vortex formation despite the lower droplet velocity of the spray. 

However, the reader should note that this hypothesis is, as yet, unproven.

Cvcle-to-cvcle variability

Figures 6.8 and 6.9 illustrate the cyclic variability o f the in-cylinder fuel 

distribution at an acquisition crank angle of 462 CAD, i.e. approximately 2 

CAD before EOI for the 100 bar injection case and 10 CAD before EOI for 50 

bar case. These experimental results show remarkable shot-to-shot consistency, 

in terms o f spray penetration and distribution (recall that the cone angle may 

not be found from the available field-of-view), for both injection cases. The 

level o f consistency shown in these images is interesting and, taken in 

conjunction with spray characteristics described in an earlier sub-section o f this 

work, suggests that the sensitivity of experimental injector to changes in its 

ambient conditions is low.

Figures 6.10 and 6.11 show the cyclic variability of the in-cylinder fuel 

distribution at an acquisition crank angle o f 617 CAD. It is evident that the 

shot-to-shot variability at this acquisition timing is greater than that seen during 

the injection event. This increase is to be expected, however, since the liquid 

fuel distributions at this later crank angle will be largely dependent on the in

cylinder charge motion after EOI. Since cycle-to-cycle variations of the in

cylinder charge motion are an established feature o f practical internal 

combustion engines, the results shown in Figures 6.10 and 6.11 provide a 

interesting insight into the inherent difficulties of charge-motion controlled 

combustion systems.
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Fuel vaporisation

The experimental results shown in Figure 6.13 are of particular interest 

when considering the vaporisation history o f the injected fuel. The reader will 

note that the vertical edges of the laser sheet are well defined in the 

experimental images due to both o f the supply pressures under investigation. 

The definition of the laser-sheet within the field-of-view strongly suggests that 

the fuel vaporisation process is not complete at the time of image acquisition 

(22 CAD before spark). Although no individual droplets can be seen, the 

results shown in this figure imply that some light scattering occurs within the 

light sheet volume. The most probable cause of this scattering is thought to be 

the existence o f ultra-fine fuel droplets within the cylinder. Note that similar 

results are found (for both fuel pressures) for an acquisition crank angle o f 677 

CAD suggesting that some airborne fuel may survive in liquid form to the time 

of spark (684 CAD).

Wall wetting

The wetting o f cylinder bore and piston surfaces by liquid fuel is a 

constant concern in the development o f any GD-I combustion system. 

Typically, liquid fuel evaporates slowly from the in-cylinder surfaces and 

therefore liquid films contribute significantly to the production of unbumed 

hydrocarbon and particulate emissions. Specific fuel consumption, and 

therefore CO2 emissions, are also increased due to this unbumed liquid fuel. 

Moreover, repeated droplet impingement on the cylinder bore walls may 

damage the cylinder bore oil film and cause significant dilution of crankcase 

lubricant; thus, leading to premature engine wear or even failure.

The results of the present study suggest two areas of particular concern 

in the experimental combustion system: the direct impaction o f the spray’s 

leading edge on the exhaust-valve side of the bore, and the formation of a 

dense fuel film on the intake-valve side o f the piston crown. It has been 

hypothesised that the level o f atomisation provided by the experimental injector 

(particularly at a supply pressure o f 100 bar) is such that the injected fuel 

droplets lack the necessary momentum to penetrate the in-cylinder flow field as
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far as the cylinder walls. This may, in fact, be the case for the droplets 

contained within the main body of the spray. The author acknowledges that 

direct spray impingement on the cylinder bore is not seen in the present study: 

the field-of-view does not extend all the way to the cylinder bore. However, it 

is well established that the leading edge of sprays issuing from pressure-swirl 

atomisers of the type used in the present study consist of larger droplets than 

are contained within the subsequent body o f the spray [Preussner et a l 1998, 

Comer et a l 1999]. The results of the present study show the leading edge of 

the spray to have an initial axial velocity of approximately 170 m/s in the case 

of injection at 100 bar and approximately 120 m/s for the 50 bar case. 

Furthermore, droplets on the spray axis are seen close to the exhaust-valve 

edge o f the light sheet travelling with an estimated velocity in excess o f 70 m/s 

in both cases. Combining these factors, the author believes that droplets from 

the spray’s leading edge are unlikely to be influenced greatly by the in-cylinder 

gas motion, and that, consequently, some direct spray impaction on the 

exhaust-valve side of the bore is inevitable.

In contrast to the implied bore wetting discussed in the previous 

paragraph, the results of the present study clearly show the existence of a 

significant liquid fuel film on the piston crown during compression. This film, 

which is noted to be heavier on the intake side o f the bore, is observed for both 

fuel pressures under investigation (Figures 6.6, 6.7, 6.10 and 6.11). The heavy 

concentration of liquid fuel on the intake-side of the piston crown suggests that 

airborne droplets are collected by the rising piston during the compression 

stroke. It is interesting to note that position o f the piston fuel film show a 

strong agreement with the numerical predictions of Yi et al. [2000].

Pool fires

The experimental results shown in Figure 6.14 appear to show the 

presence of diffusion flames within the combustion chamber. Interestingly, the 

radial position of these flames is seen to be coincident with the position of the 

heavy liquid fuel deposits observed on the piston surface in Figures 6.10 and

6.11 and predicted numerically by Yi et a l [2000]. It should be recognised, 

however, that while the images shown in Figures 6.10 and 6.11 are spatially
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resolved in two dimensions, the images shown in Figure 6.14 are three- 

dimensional pictures of the combustion event. As a result, it is not possible to 

identify the precise position o f the flames within the cylinder. Neither is 

possible to determine the exact crankshaft position at which these flames were 

initiated. Note that flames similar to those illustrated in Figure 6.14 were 

observed for both of the fuel injection pressures under investigation. The 

frequency of observation was approximately one in every three cycles in both 

cases.

The author believes that the luminous flames seen in Figure 6.14 are 

due to the difliision controlled burning of liquid fuel on the piston crown — 

that burning occurs on the piston surface as opposed to the cylinder head is 

evidenced by the linear, ‘streak-like’ appearance of the flames shown in Figure 

6.14. The streaks are formed as the piston crown (and hence the burning liquid 

fuel) move downwards through the imaging plane. Analysis o f the streak 

lengths suggests that the pool fires may be present for up to 60 CAD into the 

expansion stroke. Moreover, the overall shape o f the flames, particularly those 

shown in Figure 6.14b, suggest that several pool fires may co-exist on the 

piston surface. Similar phenomena have been observed in port fuel-injected 

engines by Witze and Green [1997] using unleaded gasoline, and by Stone et 

al. [1997] using toluene. These pool fires are noted to be a likely source of 

particulate emissions [Witze and Green 1997].

6.8 Conclusions

An experimental study was performed into the effects of injection 

pressure on the temporal and spatial development of injected fuel in a firing 

side-injected GD-I engine. Planar laser Mie-scattering was used to capture 

images of the liquid-phase fuel distributions due to fuel supply pressures of 50 

bar and 100 bar. A comparison of the spray behaviour (spray penetration, cone 

angle, and apparent atomisation quality) and mixture quality (vaporisation and 

apparent homogeneity) was made between the two sets of fuel images. The 

results of the present study were also compared with the existing literature 

data.
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The following conclusions are drawn from the present experimental 

work (note that some o f these conclusions are specific to the experimental 

injection timing):

• The global spray structures due to the 50 and 100 bar injection pressures 

are similar. Filled cone structures are seen in each case.

• The 100 bar injection pressure provides better atomisation o f the injected 

fuel than does the 50 bar case. As a result, the core of the 100 bar spray is 

visibly denser.

• In both cases (100 and 50 bar), the global spray structures are deflected 

downwards by the intake air at the experimental injection timing.

• Droplets from the leading edge of both the 100 bar and 50 bar sprays 

impinge on the exhaust-valve side o f the cylinder bore close to the line of 

the injector axis.

• Fuel vaporisation is incomplete close to the time o f spark for both injection 

pressures under investigation. Note that differentiation between the 

quantities of unvaporised fuel due to the two injection pressures at spark 

was not possible within the limits of the present experimental apparatus.

• A dense liquid fuel film is formed on the piston crown in both the 100 bar 

and the 50 bar injection cases. The fuel film is formed by precipitation as 

opposed to direct spray impingement.

• Intermittent pool fires occur on the intake-valve side of the piston crown 

for both of the fuel injection pressures under investigation.

6.9 References
Abo-Serie, E., Arcoumanis, C., Gavaises, M., Argueyrolles, B., and Galzin, F. [1999]:

Structure o f Sprays Generated by Pressure-Swirl Injectors for Direct Injection Gasoline 

Engines, Proc. ILASS-Europe’99, Toulouse 5-7 July, 1999.

Allen, J., Bacon, A., Hargrave, G. K., and Wigley, G. [1998]: Laser Diagnostic 

Techniques for Gasoline Direct Injection Combustion System Development, IMechE 

Conference Transactions, London, April 1998, pp 183-198, ISSN 1356-1448.

Arcoumanis, C., Kashdan, J. T., Shrimpton, J. S., Gaade, J. E., and Wallace, S. [1999]:

Spray Characteristics of Swirl Pressure Atomisers for Direct-Injection Gasoline Engines,

255



WITH A SIDE-MOUNTED FUEL INJECTOR

Proc. IMechE Seminar on Fuel Injection Systems, Paper S492/S1/99, 1-2 December 1999, 

Professional Engineering Publishing.

Comer, M. A., Bowen, P. J., Bates, C. J., Sapsford, S. M., and Johns, R. J. R. [1999]:

Transient 3D Analysis of A DI Gasoline Injector Spray, Atomization and Sprays, Vol 9, pp 

467-482.

Dargains, J. A. [1998]: A computer based data-logging system using LabVIEW, MSc. 

Thesis, Department of Mechanical Engineering, University College London.

Guerrier, M. P. [1999]: The Development and Evaluation of Phosphorescent Particle 

Tracking, Ph.D. Thesis, Department of Mechanical Engineering, University College London. 

Han, Z., Reitz, R. D., Yang, J., and Anderson, R. W. [1997a]: Effects of Injection Timing 

on Air-Fuel Mixing in a Direct-Injection Spark-Ignition Engine, SAE Technical Paper 

970625.

Han, Z., Fan, L., and Reitz, R. D. [1997b]: Multidimensional Modelling of Spray 

Atomization and Air-Fuel Mixing in a Direct-Injection Spark-Ignition Engine, SAE 

Technical Paper 970884.

Hentchel, W., Homburg, A., Ohmstede, G., Muller, T., and Grunefeld, G. [1999]:

Investigation of Spray Formation of DI Gasoline Hollow-Cone Injectors Inside a Pressure 

Chamber and a Glass Ring Engine by Multiple Optical Techniques, SAE Technical Paper

1999-01-3660.

Heywood, J. B. [1988]: Internal Combustion Engine Fundamentals, McGraw-Hill 

(International).

Ipp, W., Wagner, V., Kramer, H., Wensing, M., Leipertz, A., Arndt, S., and Jain, A. K. 

[1999]: Spray Formation of High Pressure Swirl Gasoline Injectors Investigated by Two- 

Dimensional Mie and LIEF Techniques, SAE Technical Paper 1999-01-0498.

O’Donoghue, S. [1999]: An Investigation into Gasoline Direct-Injection Fuel Spray 

Characteristics, Internal Report, Department of Mechanical Engineering, University College 

London.

Parrish, S. E., and Farrell, P. V. [1997]: Transient Spray Characteristics of a Direct- 

Injection Spark-Ignited Fuel Injector, SAE Technical Paper 970629.

Preussner, C., Doring, C., Fehler, S., and Kampmann, S. [1998]: GDI: Interaction 

Between Mixture Preparation, Combustion System and Injector Performance, SAE Technical 

Paper 980498.

Salters, D., Williams, P., Greig, A., and Brehob, D. [1996]: Fuel Spray Characterisation 

Within a Optically Accessed Gasoline Direct-Injection Engine Using a CCD Imaging 

System, SAE Technical Paper 961149.

Stone, R., Ball, J., Hatchman, A., McCord, R., Pashley, N., Raine, R., and Williams, R. 

[1997]: Combustion Analysis in the Rover K4 Optical Engine, Proc. Automotive Engines 

and Powertrains Autotech ’97, Paper C524/033/97, 4 -6  November, Birmingham, UK.

256



WITH A SIDE-MOUNTED FUEL INJECTOR

Wagner, V., Ipp, W., Wensing, M., and Leipertz, A. [1999J: Fuel Distribution and 

Mixture Formation Inside a Direct Injection SI Engine Investigated by 2D Mie and LIEF 

Techniques, SAE Technical Paper 1999-01-3659.

Williams, P.A. [1999]: DISI Injector Spray Characteristics and Implications for Engine 

Operation, Internal Report, Department of Mechanical Engineering, University College 

London.

Witze, P. O., and Green, R. M. [1997]: LIF and Flame-Emission Imaging of Liquid Fuel 

Films and Pool Fires in an SI Engine During a Simulated Cold Start, SAE Technical Paper 

970866.

Yi, J., Han, Z., Yang, J., Anderson, R., Trigui, N., and Boussarsar, R. [2000]: Modelling 

of the Interaction of Intake Flow and Fuel Spray in DISI Engines, SAE Technical Paper

2000-01-0656.

257



FOR FUTURE WORK

Chapter 7

Summary, Claims of Originality, and Recommendations for 

Future Work

A summary of the experimental results reported in this work is 

presented. The original aspects of the work are identified and recommendations 

are made for future work.

Summary

This thesis presents results from three separate, but related, 

experimental studies of fuel spray behaviour and mixture preparation in an 

optically-accessed GD-I engine. Two discrete combustion system 

configurations were examined. The first two studies, presented in Chapters 4 

and 5, examine aspects o f mixture preparation in an experimental combustion 

system featuring a near-centrally positioned, near-vertical, hollow-cone swirl 

injector. The third of the experimental works, presented, in Chapter 6, considers 

in-cylinder fuel distributions in a GD-I combustion system featuring a side- 

mounted pressure-swirl injector angled across the bore at 25° to the horizontal. 

Two main imaging techniques were employed within the optical engine. Planar 

laser Mie-scattering was used to provide two-dimensional images of the liquid- 

phase fuel distributions in all three studies. Planar laser-induced fluorescence 

was used to provide combined liquid/vapour-phase images in the second of 

these studies only.

The effects of injection timing on the centrally-injected fuel spray 

structures and subsequent liquid-phase fuel development were examined in 

Chapter 4 of this work. For early induction-stroke injection timings, the liquid- 

phase fuel distributions were observed to be governed by spray/wall 

interactions. The injected sprays were not seen to be significantly influenced by 

either intake gas flows or intake-generated in-cylinder motion. For fuel 

injection timings in the later part of the induction stroke, the centrally-injected 

fuel sprays were seen to be deflected away from the intake-valve side of the
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cylinder under the influence of the intake gas flow. It was noted that the spray- 

shoulder vortices that are typical of high-pressure swirl atomiser sprays viewed 

in ambient conditions were suppressed by the interaction with the engine’s 

intake flow. For early compression-stroke injection timings, the injected spray 

forms were seen to be deformed by the large-scale rotational gas motion 

present within the cylinder at SOI. Typically, the axial penetration of the spray 

was enhanced on the exhaust-valve side of the bore and inhibited on the intake- 

valve side o f the bore. For injection late in the compression stroke, the injected 

sprays were shown to be dominated by the effects o f increased cylinder 

pressure. Compact, dense spray forms with reduced axial penetration were seen 

as a result. The results showed the formation, location, and density of liquid 

films within the cylinder to be dependent on fuel injection timing, as was the 

momentum interchange between the vertically injected spray and the in-cylinder 

gases.

Chapter 4 also presents a phenomenological model of exhaust emission 

formation. Excellent correlation was found between the emissions trends 

predicted by this model, using the liquid-phase fuel distributions shown in the 

experimental results as an input, and the results of a third-party single-cylinder 

emissions test program. The study suggests that, for early to mid induction- 

stroke injection timings in the experimental combustion system, exhaust 

emissions are dominated by the effects of spray/wall and spray/piston 

impingement. For mid to late induction-stroke injection timings, the exhaust 

emissions were found to be dominated by the presence of liquid fuel films on 

the piston crown towards the end o f the compression stroke. For late 

induction-stroke and compression stroke injection timings, exhaust emissions 

were seen to be dominated by the effects of charge inhomogeneity and short 

air-fuel mixing times.

The effects o f fuel composition on the centrally-injected injected spray 

structures and subsequent liquid and vapour-phase fuel development were 

examined in Chapter 5 of this work. A comparison was made between the 

spray characteristics and in-cylinder fuel distributions resulting from the use of 

a typical multi-component gasoline (European specification premium-grade 

unleaded), a single-component research fuel (fso-octane), and a three-
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component research fuel (z'so-pentane, /5 0 -octane, and w-nonane). Studies were 

performed at three different injection timings under both cold and part-warm 

conditions. The results show significant changes to occur in the gasoline spray 

structure as the block temperature is increased from 20 to 50° C. The hollow- 

cone structure of the cold spray is replaced at higher temperatures by a more 

compact, filled spray of finely atomised fuel. These changes o f spray structure 

are attributed to flash boiling of high-volatility components within the gasoline 

blend. The experimental results show that significant disruption o f the gasoline 

spray structure requires approximately 20° C of fuel superheat. In contrast to 

the gasoline sprays, no change in spray structure was seen when using /5 0 - 

octane fuel in the experimental temperature range. Consequently, it was 

concluded that single component fuels, such as /5 0 -octane, may not accurately 

represent the gasoline spray behaviour under ambient conditions that promote 

flash boiling. The significance o f this finding with regard to the application of 

the PLIF imaging technique to GD-I combustion systems is discussed at length.

A detailed numerical study into the vapour-liquid equilibrium 

characteristics of the experimental fuels is presented. A 3-component research 

fuel consisting of 20% /5 0 -pentane, 70% /5 0 -octane, and 10% w-nonane by 

volume was shown to be a suitable carrier fuel for flxel tracer LIF studies in the 

flash-boiling regime. This 3-component fuel was used in an investigation into 

the effects of flash boiling on the vapour-phase fuel distributions in the 

experimental engine. The results suggest that charge homogeneity is adversely 

affected by the occurrence of flash boiling. Moreover, mixing between the 

airborne droplet/vapour cloud and the surrounding charge is seen to be 

incomplete at spark for all fuel compositions and injection timings examined. 

The atomisation performance of the experimental fuel injector is compared with 

the reported performances of the latest generation of GD-I pressure-swirl 

injectors. The results o f this comparison suggest that dense, filled spray 

structures typically produced by the latest generation of high-atomisation GD-I 

injectors may not be conducive to the production o f a fully homogeneous 

charge under medium to full load operating conditions.
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The effects of fuel supply pressure on the injected spray structures and 

subsequent liquid-phase fuel distributions in a side-injected GD-I combustion 

system were examined in Chapter 6 o f this work. A comparison o f the spray 

behaviour and apparent mixture quality was made between two sets of fuel 

images captured at supply pressures of 50 and 100 bar respectively. In both 

cases, the injected spray structures were seen to be similar filled cones, and, in 

both cases, the global spray structures were observed to be deflected 

downwards by the intake air. Although no hollow core was seen in either case, 

the 100 bar injection pressure was observed to provide better atomisation of 

the injected fuel than the 50 bar case. As a result, a visibly greater 

concentration o f liquid-fuel droplets was seen in the central core o f the 100 bar 

spray.

The leading edge o f the 100 bar spray was seen to have greater axial 

penetration (i.e. penetration along the injector axis) than did the 50 bar spray. 

However, the initial spray velocities calculated for the two sprays, 

approximately 170 and 120 m/s respectively, were such that direct 

impingement on the exhaust-valve side of the cylinder bore close to the line of 

the injector axis was considered to be inevitable in both cases. Analysis of the 

experimental results showed fuel vaporisation to be incomplete close to the 

time o f spark for both o f the injection pressures under investigation. In both 

cases, a dense liquid fuel film was precipitated on the intake-valve side of the 

piston crown. Intermittent pool fires were observed on the piston surface in the 

area of the liquid fuel films.

Claims of Originality

The work presented in this thesis adds (or has added) significantly to 

the literature regarding GD-I fuel spray formation under realistic engine 

conditions. A selection of the experimental results presented in Chapter 4 of 

this work were first published by the author in Davy et a l [1998]. The author 

believes that this referenced work represents the first published systematic 

experimental study into the effects o f injection timing on the liquid-phase fuel 

distributions in a firing GD-I engine. Additional results and analyses from this
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study, published for the first time in this thesis, further add to the knowledge in 

this area.

The phenomenological emissions models described in Chapter 4 —  and 

their use in considering in-cylinder charge homogeneity —  follow an earlier 

work o f Shayler et a l [1990]. However, the author’s extension o f Shayler and 

co-workers original ideas to better describe mixture preparation in a GD-I 

engine, and the application o f these models to the interpretation o f two- 

dimensional fuel distribution images themselves constitute original work.

A selection of the experimental results presented in Chapter 5 of this 

work were first published by the author in Davy and Williams [1999] and Davy 

et a l [2000]. The author believes that the first o f these referenced works 

represents the first published PLIF investigation into the effects of flash boiling 

in a firing GD-I engine. The author’s comparative use o f a multi-component 

and single-component carrier fuel for tracer PLIF investigation of flash boiling 

sprays is considered to be an original aspect o f this work.

The vapour-liquid equilibrium characteristics of the /so-octane/2,3- 

butanedione binary system and the 3-component fuel/2,3-butanedione 

quaternary system, published as an appendix in Davy et a l [2000] and detailed 

further in this thesis, are believed to be a further addition to the literature. 

Although the /so-octane/2,3-butanedione fuel/dopant combination has been 

used in several PLIF studies detailed in the literature, no reference to these 

characteristics was found.

The experimental study presented in Chapter 6 o f this thesis further 

adds to the knowledge regarding side-injected GD-I fuel spray formation and 

subsequent liquid-fiiel behaviour under realistic engine conditions.

Recommendations for Future Work

The experimental studies shown in Chapters 4, 5, and 6 of this work 

suggest several areas for future study. One of the most striking features of 

these studies is the degree o f interaction shown between the injected sprays and 

the in-cylinder charge (regardless of the injector orientation). Results shown in 

Chapter 4 suggest, in agreement with several numerical studies [Han et al. 

1997a, 1997b, Yi et a l 2000], that the momentum interchange between the
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injected fuel and the in-cylinder charge may be sufficient to affect the 

development of the large-scale bulk flow. The author considers this to be 

significant given the known benefits a structured charge motion to the air-fuel 

mixing and combustion processes. The quantification of changes in the in

cylinder flow structure —  perhaps by means o f Laser or Phase Doppler 

Anemometry —  bought about by the fuel injection process would therefore be
t \instructive.

Other areas of recommended future study are suggested by the 

observed shortcomings of existing spray models. The experimental work 

presented in Chapter 5 of this thesis showed significant differences to exist 

between the warm spray structures of a full boiling point gasoline and the 

single component fuel iso-octane. These differences were seen to affect the in

cylinder fuel distribution at spark. The existing numerical codes known to the 

author are unable to model multi-component fuels. In light o f the author’s 

experimental results, it is considered that the development o f reliable multi- 

component spray and evaporation models is of utmost importance to future 

GD-I engine development.

During the course of the presented experimental study it has become 

clear that some wetting o f the cylinder or piston surfaces is almost inevitable in 

any practical GD-I combustion system. The behaviour of the impinging fuel 

droplets is therefore o f great interest. The present optical set-up in use at UCL 

does not allow wall impaction to be seen. It is recommended, therefore, that 

the existing optical access be modified so as to allow the study of spray/wall 

interactions within the engine.
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Appendix A

Equipment Lists

Chapters 4, 5, and 6 of this work present the results o f three separate 

experimental studies performed within UCL’s optically accessed GD-I engine. 

Full details o f the engine’s configuration and operating conditions, and the test 

variates for each study are given within the main text. This Appendix lists, by 

chapter, the ancillary equipment used for the studies presented therein.

A.1 Equipment List — Chapter 4

Description Make Model No. Serial No.
Fuel injector Zexel Prototype Z21
Injector driver Zexel 960020-580 1
DC eddy current dynamometer Froude AG80 8005918/2
Variable speed drive motor Brook-Hansen WD180L D937366
Hot-wire flow meter Ford AFH60-02A 3C16
Copper vapour laser Oxford lasers Cu-15A unknown
Rotating drum camera Oxford lasers PHC1004 unknown
Laser/camera control system Oxford Lasers ‘N’ Shot unknown

A.2 Equipment List — Chapter 5

Description Make Model No. Serial No.
Fuel injector Zexel Prototype Z21
Injector driver Zexel 960020-0830 662019
DC eddy current dynamometer Froude AG80 8005918/2
Variable speed drive motor Brook-Hansen WD180L D937366
Hot-wire flow meter Ford AFH60-02A 3C16
Cylinder pressure sensor Kistler 6121 929632
Charge amplifier Kistler 566 2465
Inlet-manifold pressure sensor Druck PDCR910 1070024
UEGO sensor NGK TI-7111-WI 410-169
Nd:YAG laser Continuum Surelite III 3133
Laser energy meter Coherent LM-PlOi J454
Intensified CCD camera Photonic CV 12/500 70506
Digital delay/pulse generator Stanford

Research
Systems

DG535 08233
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A.3 Equipment List — Chapter 6

Description Make Model No. Serial No.
Fuel injector Bosch 103 040 973 02
Injector driver Bosch A40414ES E800748
DC eddy current dynamometer Froude AG80 8005918/2
Variable speed drive motor Brook-Hansen WD180L D937366
Hot-wire flow meter Ford AFH60-02A 3C16
Cylinder pressure sensor Kistler 6121 929632
Charge amplifier Kistler 566 2465
Inlet-manifold pressure sensor Druck PDCR910 1070024
UEGO sensor NGK TI-7111-WI 410-169
Nd:YAG laser Continuum Surelite III 3133
Laser power meter Coherent LM-PlOi J454
Intensified CCD camera Photonic CV 12/500 70506
Digital delay/pulse generator Stanford

Research
Systems

DG535 08233

Digital oscilliscope Nicolet 4094-2 85B01332
Data aquisition system National

Instruments
M10-16E-4 unknown
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Photo CD: Index of Digital Movies

This Appendix details the fuel spray animations available on the Photo 

CD that accompanies this work. Note that this CD includes both digital 

movies o f the results shown in Chapter 4 (stored as *.flc files), and the 

individual images that make up these animations (stored as *.tif files) which 

may be accessed separately. The software to display the *.flc sequences is 

included on the CD and may be accessed either directly (display.exe) or 

through a dedicated menu system (runmenu.bat). The latter option is 

recommended. The through-piston and light-sheet sequences are accessed via 

separate menu systems. §B.l, below, provides an index o f the films available 

through the light-sheet menu system while §B.2, overleaf, details the movies 

available via the through-piston menu. All images were captured at a frame 

rate of 5kHz unless otherwise stated.

B.l Light Sheet Movies

SOI (CAD) Film Comments
390 K

420 J

450 A

450 H Late cycle

480 B

480 L Light-sheet on front edge of rear exhaust-valve
480 M Light-sheet on rear edge of front exhaust-valve

510 C

540 D
540 I Late cycle

540 N Light-sheet on rear edge of front exhaust-valve

570 E

600 F

630 G
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B.2 Through-Piston Movies

SOI (CAD) Film Frame Rate Comments
420 J 3kHz

450 K 3kHz Aperture test

450 L 3kHz Aperture test

480 A 4 kHz

480 B 4kHz Late cycle

510 C 4kHz

510 D 4kHz Late cycle

540 E 5kHz

540 F 5kHz Late cycle

570 G 5kHz

570 H 5kHz Late cycle

600 I 4.5 kHz
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Appendix C

Calibration of Cone Angle Distortion

This appendix presents the results o f an experimental investigation into 

the relationship between the true cone-angle o f the centrally injected fuel sprays 

and those cone angles recorded through the optically-accessed engine’s cross

bore window. A calibration is presented for cone-angle distortion in the 

experimental engine

C .l Experimental Procedure

A test card, showing six cone angles in the interval 40° to 65°, was 

drawn and positioned on the image plane. Images o f the card were collected 

through the cross-bore window. Figures Cl a and C lb, below, respectively 

show the test card images recorded with the 60-mm Nikor macro lens (used for 

the experiments detailed in Chapters 4 and 5) and the 50-mm Nikor lens (used 

for the experiments shown in Chapter 6).

The cone angles displayed on the test card images were measured using 

a commercial imaging software package (Image Pro-Plus™ V4.0) and graphed 

against the known true angles —  Figure C2, overleaf, refers. The spray cone 

distortion was characterised by a linear fit (in a least squares sense)

(a) 60-mm macro lens (b) 50-mm lens

Figure C l: Test card images
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to the experimental data. The resultant polynomial was used to generate the 

calibration shown in Table Cl below.

Table C l: Cone Angle Calibration for the UCL Optically-Accessed GD-I Engine

Image Cone Angle (Measured) True Cone Angle (Estimated)

oO

4 4 . 1 °

3 1 ° 4 5 . 9 °

3 2 ° 4 7 . 6 °

3 3 ° 4 9 . 4 °

3 4 ° 5 1 . 1 °

3 5 ° 5 2 . 8 °

3 6 ° 5 4 . 6 °

3 7 ° 5 6 . 4 °

OO o 5 8 . 1 °

3 9 ° 5 9 . 9 °

0o

6 1 . 6 °

4 1 ° 6 3 . 4 °

4 2 ° 6 5 . 2 °

4 3 ° 6 6 . 9 °

4 4 ° 6 8 . 7 °

4 5 ° 7 0 . 4 °
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Appendix D

ISCO Data Correction Procedure

The raw emissions data used to generate the ISCO v’s injection timing 

graph shown in Chapter 4 o f this work was selected from a series o f 

experimental investigations performed at Ford Motor Company. The data was 

selected from those single-cylinder test results in which the engine operating 

conditions were judged to be well matched to the operating conditions o f the 

author’s optical engine. The selection criteria applied to the Ford data in terms 

of air-fuel ratio (AFR) was a nominal value o f 14.6 with an acceptable error 

band o f ± 0.1. However, the sensitivity o f the results to the variation o f air-fuel 

ratio within this band was found to be high; therefore, an approximate air-fuel 

ratio correction routine was applied. This appendix details the correction 

procedure applied to the raw CO emissions data.

D.l Air-Fuel Ratio Sweep

Figure D I, below, shows the relationship between ISCO emissions and 

air-fuel ratio in the experimental engine. It can be seen that within the region o f
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Figure D2: Linear fit to ISCO v’s Air-Fuel Ratio data

interest (between air-fuel ratios o f 14.5 and 14.7) the relationship between 

ISCO emissions and air-fuel ratio is approximately linear. Figure D2, above, 

shows a linear fit (in a least squares sense) to the experimental emissions data 

in this region. The resultant polynomial is shown on the graph. This linear 

relationship was used as an approximate air-fuel ratio correction factor for the 

ISCO v’s injection timing data as shown in the following sub-section.

D.2 Air-Fuel Ratio Correction of ISCO v’s Injection Timing Data

Figure D3, overleaf, shows the raw experimental data for ISCO 

emissions versus start o f injection timing. A large degree o f scatter is seen in 

the results for SOI timings o f 360, 390, 420, and 450 CAD. These results were 

corrected for the variation o f air-fuel ratio from the nominal value o f 14.6 by 

means o f the following algorithm:

Corrected ISCO = Raw ISCO + [(-40.323 * 14.6) + 620.24]

-  [(-40.323 * Raw AFR) + 620.24]

The corrected ISCO v’s AFR data is shown in Figure D4. It can be seen that 

the scatter in the results for SOI timings o f 360, 390, 420, and 450 CAD is 

much reduced.
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Appendix E

Fuel Injector / Laser Control Unit

The fuel injector / laser control unit controls the timing o f the start of 

fuel injection and the laser fire signal in terms o f crank angle degrees (CAD) 

from a given position in the engine cycle. In addition, the unit controls the 

injector pulse width in terms of time, resolvable in 0.1 ms increments, from the 

start of injection.

£.1 Circuit Design

The fuel injector / laser control unit is a combination o f digital TTL 

(transistor transistor logic) devices as shown schematically in Figure E l. The 

unit is essentially composed of two counting circuits, degree and clock pulse, 

three programmable comparator circuits, two degree comparators and one 

clock pulse comparator, a pre-set 720 degree comparator circuit, and a 

mono stable pulse generator.

The degree counter circuit comprises o f three 74LS160 binary coded 

decimal (BCD) ripple counters connected in series. In normal operation, the 

clear, load, and A, B, C, D inputs o f all three chips are held high via pull-up 

resistors. The enable P and enable T inputs of the least significant bit (LSB) 

counter are held high in a similar manner. The ripple output of the LSB counter 

is connected to the enable P and enable T inputs of the next most significant bit 

(NMSB) counter and to the enable P input of the most significant bit (MSB) 

counter. The ripple output of the NMSB counter is connected to the enable T 

input of the MSB counter. Thus, the circuit counts from 0 to 999. The count is 

advanced by a high input on the clock line (low on the external degree input) 

and is reset by momentarily grounding the clear line. In operation, the counter 

is reset on power-up, by a low signal on the external top-dead-centre (TDC) 

input, or by a low input from the 720-degree comparator circuit (when 

enabled). In normal use, the 720-degree is isolated from the counter clear line 

via an external STDP switch.
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The injector delay, laser fire, and 720-degree reset comparator circuits 

each comprise of four 74LS85 4-bit comparators cascaded in two levels as 

shown in Figure E l . For the injector delay and laser fire comparator circuits the 

input pairs to the LSB, NMSB, and MSB chips are from the respective degree 

counter chips and BCD thumbwheels. For the 720-degree reset comparator 

one o f the input pair is from the degree counter chips and the other is hard

wired to give a binary-coded 720 (0111, 0010, and 0000 on the MSB, NMSB, 

and LSB chip respectively). Equality on the LSB, NMSB, and MSB 

comparators produces a low signal on both the A>B and A<B pins o f the 

fourth, output, comparator.

The clock counter circuit comprises two 74LS160 binary coded decimal 

(BCD) ripple counters connected in series. The load, and A, B, C, D inputs of 

both chips are held high via pull-up resistors. The clock input of the counter 

circuit is connected to the output of a 10 kHz clock. During normal operation, 

the clear line of the counter is held high by the steady-state output o f the 

power-on reset circuit. The enable P and enable T inputs of the least significant 

bit (LSB) counter are initially held low by the output o f a 74LS279 latch, thus, 

the counter circuit is initially disabled. The ripple output of the LSB counter is 

connected to the enable P and enable T inputs o f the next most significant bit 

(MSB) counter, hence, the counter counts from 0 to 99. The latch is set, and 

counting enabled, by a single pulse from a 74LS221 monostable vibrator. This, 

in turn, is triggered via a 74LS32 OR-gate by a low output from both the A>B 

and A<B pins o f the injector delay comparator circuit. The latch is reset, 

disabling the counter circuit, by a low output from the clock-pulse comparator 

circuit. The counters are reset on power-up and by the clock-pulse comparator 

circuit.

The clock pulse comparator circuit comprises two cascaded 74LS85 4- 

bit comparators. The input pairs to the LSB and MSB comparators are from 

the respective clock counter chips and BCD thumbwheels. Equality on both the 

LSB and MSB comparators produces a low signal on both the A>B and A<B 

pins of the MSB comparator, resetting the clock counters, clock counter latch, 

and 74LS279 injector-pulse latch. The injector-pulse latch is; reset on power- 

up, set by the same mono stable pulse which enables counting on the clock
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counter circuit, and reset as described above. Thus, the output of the injector- 

pulse latch is low when the clock counter circuit is disabled, and high when the 

clock counter circuit is enabled.

The fixed-width laser fire pulse is generated by a conventional 74LS221 

monostable / RC circuit combination. The monostable is triggered, via a 

74LS32 OR-gate, by a low output from both the A>B and A<B pins of the 

laser fire comparator circuit giving a low to high output pulse. The chosen 

values o f R and C give a pulse width o f approximately 14 ps. The output signal 

from the laser fire monostable is directed to a STDP switch. A latch, inverter, 

and 74LS08 AND-gate combination on the output side o f the switch is used to 

avoid switching mid-way through an output pulse. The output from the AND- 

gate is directed to an opto-isolator via 740-ohm resistor. The opto-isolator 

output, which is inverted with respect to its input, is connected to the external 

laser fire BNC connector. The signal from the injector-pulse latch is sent to the 

external injector-pulse BNC connector via an identical latch, inverter, AND- 

gate, resistor, and opto-isolator combination.

E.2 External Connections

The fuel injector / laser control unit is primarily intended for use in 

conjunction with a two-channel camshaft mounted shaft-encoder (1440 pulse 

per revolution + 1 pulse per revolution marker pulse). The available I/O 

connections and requirements are as follows

Inputs

• Power: 5V d.c. power supply (0 and +5V).

• Degree: One negative going (+5 —> 0V) TTL pulse per crankshaft 

degree.

• TDC: One negative going pulse (+5 —» 0V) TTL per 720 crankshaft 

degrees.
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Outputs

• Injector pulse: One variable width (0 -  9.9 ms with a 0.1 ms resolution) 

negative going (+5 -> 0V) TTL pulse per 720 crankshaft degrees.

• Laser fire: One fixed width (14 ps) negative going (+5 -> 0V) TTL 

pulse per 720 crankshaft degrees.

£.3 Synchronisation

In normal operation, the fuel injector / laser control unit counts crank 

angle degrees from a once per 720 degree marker pulse. Accordingly, the 

marker pulse must occur at a known point in the engine cycle. Conventionally, 

the shaft-encoder marker pulse is aligned with TDC compression.

E.4 Operation

The unit may be configured so as to control the fuel injector pulse and 

laser flash with the engine either turning (firing mode) or stationary (static 

mode).

Firing mode

Connect and synchronise the unit with the engine as described in §E.2 

and §E.3 above. Disable the 720-degree comparator circuit (switch on rear 

panel in upper position). Power up the unit via the front panel switch; the 

power LED on the front panel will illuminate to show that the unit is on, and 

the TDC LED will flash once to indicate that the degree counter circuits have 

been cleared. Set the required start o f injection timing (crank angle degrees 

from marker pulse), injection pulse width (0.1 x ms), and laser flash timing 

(crank angle degrees from marker pulse) via their respective BCD thumb 

wheels on the front panel. Ensure that the fuel-injector and laser flash switches 

on the front panel are in the off (upper) position. Motor the engine to speed; 

the TDC and degree LEDs on the front panel will pulse in receipt of a signal. 

Fuel injection and laser flash are enabled by their respective front panel 

switches. Front panel LEDs indicate the output of a pulse.
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Static test mode

Static mode is commonly used for camera and laser alignment. In this 

mode, the 720-degree comparator circuit must be enabled (switch on rear panel 

in lower position). No TDC input is required. Power up the unit and set the 

required injector pulse width and delays as described above. The unit is 

triggered at the required frequency by a TTL pulse generator connected to the 

rear panel, degree input BNC.
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R1 =  5 KQ Pull-up resistor
R2 = 2 7 0  Q Pull-down resistor
R 3 = 5 .8 K Q Timing resistor
R 4 = 3 3 K (1 Power-on Clear
R5 =  1 K fl Opto-isolator resistor
R6 =  10 K(2 Pull-up resistor
C l= 0 .0 1 |iF Decoupling capacitor
C2 =  10 nF Timing capacitor
C3 =  15 |iF Power-on Clear
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F ig u r e  El I Fuel injector I laser control unit circuit diagram
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Appendix F

Calculation of Polytropic Exponent and Charge Temperature 

during Compression

Direct measurement of charge temperature is known to present a 

considerable technical challenge and was considered to be beyond the scope of 

the present work. Therefore, the approach employed herein was to estimate the 

gas temperature in the compression stroke from recorded cylinder pressure 

data. This Appendix details the calculation process.

F.l Polytropic exponent of compression

Adiabatic isentropic behaviour was assumed. Accordingly, the 

compression process was fitted by the polytropic relation

p V r = Constant (F.l)

where

p  is cylinder pressure (Pa);

V is cylinder volume (m3); and

y  is the polytropic exponent of compression (dimensionless).

A piezoelectric pressure transducer, synchronised to the engine by an

optical shaft encoder, was used to record cylinder pressure versus crank angle 

data in the motored engine. The cylinder volume comprised four major 

components; the piston’s swept volume from the top-dead-centre (TDC) 

position, the cylinder head volume, the piston crevice volume, and the head 

gasket volume. The calculation (or measurement) of each of these components 

is detailed in the subsections below.

F. 1.1 Swept volume

The approximate piston displacement (jc) from TDC is given by Eq. 

(F.2), overleaf, [Stone 1992].
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= rx ( l - c o s 0 )+ ( /- - \ / /2 - r 2 sin2# ) (F.2)

where

6  is the crankshaft angle measured from TDC (radians);

r is the crank radius (m); and

I is connecting-rod length (m)

Therefore, the swept volume at any given crank angle is given by

Swept volume= ; r x ^ - x ( r x ( l - c o s 0 ) + ( / - 'v / /2 - r 2sin2# ))  (F.3)
>2 

4

where

D is the cylinder diameter (m).

The crank radius (r) and the connecting rod length (1) were specified by 

the manufacturer as being 45.25 x 10 _3 m and 156.5 x 10 ”3 m respectively. 

The cylinder bore (D) was given to be 90.2 x 10 3 m. Thus, the swept volume 

of the optical engine at a given crank angle (measured from TDC) was given as 

follows

Swept volume = 28.92 x 10 3 x (l -  cos#)

+ 6.39 x 10-3 x (l 56.5 x 10-3 -  V24.49 x 10-3 -  2.04 x 10-3 sin2 6>) (F.4)

F. 1.2 Cylinder head volume

The cylinder head volume was directly measured by the author to be 

50.5 x Iff6 m3.

F. 1.3 Piston crevice volume

The piston crevice volume was approximated from the known 

dimensions of the optical piston as detailed overleaf.
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Piston crevice volume » 7 rxD xd x .c  (F.5)

where

d  is the top land depth (m); and

c is the radial clearance between the piston and liner (m).

The piston used in this study had a 24-mm top land and 1 mm radial clearance 

to the bore. Inserting these numerical values into Eq. (F.5), the crevice volume 

was calculated to be 6.8 x HT6 m3.

F. 1.4 Head gasket volume

The head gasket volume was found according to equation (F.6).

D 2
Head gasket volume = / rx  x t (F.6)

4

where

t is the gasket crush thickness (m).

The gasket crush thickness was given by the manufacturers to be 1.016 mm. 

Accordingly, the gasket volume was calculated to be 6.5 x 1 O'6 m3.

F. 1.5 Polvtropic exponent

Given that the variation of cylinder pressure and cylinder volume with 

crankshaft angle were known, the polytropic exponent of compression was 

found from a plot o f the logarithm of pressure versus the logarithm of volume.

Figure FI, also given in Chapter 5 of the main text, shows the logarithmic plot

of pressure versus volume for the motored optical engine. The value of the 

exponent is given by the slope of the plot in the interval between intake valve 

closing (IVC) and time of spark. Accordingly, a value of 1.24 was found for 

the experimental engine’s polytropic exponent of compression.
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Figure FI: Logarithm of pressure versus the logarithm of volume for the motored engine.

F.2 Charge temperature

Gas temperature in the compression stroke after I VC was estimated 

using the recorded cylinder pressure data and the calculated polytropic 

exponent o f compression. Rewriting Eq. (F .l) as

p,K, = p 2V2 (F.7)

and assuming that the in-cylinder charge behaves as a perfect gasH, the ratio o f 

gas temperatures between two states is given by Eq. (F.8)

where

/  Y
Ei.

kP \j

y -1

(F.8)

T, is the

t2 is the

Pi is the

P~ is the

r is the

F1 The injected fuel mass was not considered to be significant in this context.
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TEMPERATURE DURING COMPRESSION

Crank angle resolved gas temperature values throughout the 

compression stroke were calculated by the sequential application of Eq. (F.8) 

to the experimental pressure data. Following the numerical predictions of Han 

et a l [1997], an initial gas temperature of 360 K at the time of inlet valve 

closing was assumed for the calculations.

F.3 References
Han, Z., Reitz, R.D., Yang. J., and Anderson, R.W. [1997]: Effects of Injection Timing on 

Air-Fuel Mixing in a Direct-Injection Spark- Ignition Engine, SAE Technical Paper 970625. 

Stone, R. [1992]: Introduction to Internal Combustion Engines (2nd Edition), Macmillan, 

London.
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Appendix G

Fluorescence Transition Saturation Limit

This appendix details the calculation of the saturation limit for the 

fluorescent compound 2,3-butanedione at an excitation wavelength of 355nm.

G .l Calculations

According to Lozano et al. [1992], the requirement for operation in the 

linear fluorescence regime is that

Where
N t «  (or) 1

N{ = incident photon flux (photons/cm2/s) 

cr = molecular absorption cross-section in (cm2) 

t = fluorescence lifetime (s)

The molecular absorption cross-section and the fluorescence lifetime 

of an emitting species are dependent on the exciting wavelength. 2,3- 

butanedione absorption is broadband (340 -  470 nm) with a peak at 417 nm (cr 

= 8 x 10" cm ) [Lozano et al. 1992]. However, the absorption cross-section 

of 2,3-butanedione excited at a wavelength of 355 nm is much reduced from 

the maximum value. Lozano [1992] gives cr= 1.07 x 10' cm at 355 nm, 

which is in agreement with the findings of both Almy and Gillette [1943], and 

Lewis and Kasha [1945]. For excitation at 351 nm, van Cruyningen et al. 

[1990] report the fluorescence lifetime of 2,3-butanedione as 50 x 10"9 s. 

Baritaud and Heinze [1992] quote the same figure for excitation at 355 nm. 

Thus, for 2,3-butanedione excited at 355 nm, the condition for operation in the 

linear fluorescence regime is that

Nj « 1 .8 6 x l0 27 photons/cm2/s

The saturation power requirement o f the system, /, is given by

/ , « incident photon flux x photon energy x pulse width
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The photon energy o f the laser is calculated from

E  = hc/A,

where

E=  photon energy (J) 

h = Planks constant (J s) 

c = speed of light (m/s)

X = Excitation wavelength (m)

therefore, for a pulsed laser emitting at 355 nm, with a pulse width of 3 ns

E  = 5.6 x 10"19 J

and

/, «  3.1 J/cm2

Thus, for a laser sheet of thickness 250 pm and height 7.4 cm, 

saturation will not occur until pulse energies approach 580 mJ.

G.2 References

Almy and Gillette [1943], J. Chem. Phys. 11, pp 188-195.

Baritaud, T., and Heinze, T. [1992]: Gasoline Distribution Measurements with PLIF in a SI 

Engine, SAE Technical Paper 922355.

Lewis and Kasha [1945]: J. Am. Chem. Soc., 67, pp 994-1003.

Lozano, A. [1992]: Laser-Excited Luminescent Tracers for Planar Concentration 

Measurements in Gaseous Jets, Ph.D. Thesis, Department of Mechanical Engineering, 

Stanford University, USA.

Lozano, A., Yip, B., and Hanson, R. K. [1992]: Acetone: A Tracer for Concentration 

Measurements in Gaseous Flows by Planar Laser-Induced Fluorescence, Experiments in 

Fluids, 13, pp 369-376.

Van Cruyningen, I., Lozano, A., and Hanson, R. K. [1990]: Quantitative Imaging of 

Concentration by Planar Laser-Induced Fluorescence, Experiments in Fluids, 10, pp 41-49.
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Appendix H

Vapour-Liquid Equilibrium Calculations for Multicomponent 

Mixtures

A vapour-liquid equilibrium (VLE) fuel model was developed. The 

model uses the gamma-phi method following the guidelines set down by 

Malanowski and Anderko [1992] and includes chemical data from Reid et a l 

[1987]. The author’s model performs flash calculations at a fixed pressure and 

temperature, and allows the calculation of isobaric and isothermal bubble- 

points and dew-points for selected multicomponent fuel mixtures.

H .l Model Description

According to the gamma-phi method, the vapour-liquid equilibrium 

condition of any component within an ^-component mixture is given by

y ^ ^ x j r f  (H . l )

where

yi is the vapour phase mole fraction of the rth component;

P  is the equilibrium pressure;

O, is a correction factor for the vapour phase nonideality of the rth

Xi is the liquid mole fraction of the rth component;

yt is the activity coefficient of the rth component; and

Pi is the pure component vapour pressure of the rth component.

The pressure range considered for the present work was between 0.4 

and 1.0 bar. Within this range, the vapour phase fuel behaviour was assumed to 

be ideal. Accordingly, a value of O, = 1 was used throughout the calculations 

shown herein: this reduces Eq. (H.l) to the form

y f ^ x j . P , 0 (H.2)
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MULTICOMPONENT MIXTURES

The liquid mole fraction, jc„ of each component within a mixture was 

calculated from a prior knowledge of the component’s volume fraction at 

atmospheric pressure and room temperature. Assuming zero initial 

vaporisation, the number of moles of each component present in the liquid 

phase, is given by Eq. (H.3)

where

rii is the number of moles of the rth component;

Pi is the density of the rth component at STP;

Vi is the volume of the rth component at STP; and 

Mi is the molecular weight of the rth component.

The liquid mole fraction o f each component, x, , may then be found

using

In the absence of direct experimental data for a specific fuel blend, the 

relative activity coefficients of the constituent compounds, A, , were estimated 

using the Wilson [1964] equation —  Eq. (H.5)

Wilson’s equation expresses the activity coefficients of an ^-component 

mixture in terms of binary mixture parameters. These binary mixture

x (H.4)

j

(H.5)

/= i
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MULTICOMPONENT MIXTURES

parameters, A12 and A21, may be found from simultaneous solution o f Eq.’s 

(H.6) and (H.7)

I n = - l n A 12 - A 21 +1 (H.6)

lnA2 = -In  A21 - A 12 +1 (H.7)

where

X™ is the activity coefficient at infinite dilution for the rth component

The activity coefficients at infinite dilution for all possible binary 

mixtures within a fuel blend were estimated using the MOSCED (modified 

separation of cohesive energy density) method of Thomas and Eckert [1984]. 

Where possible, the parameter data required for the MOSCED calculations was 

taken from the literature [Reid et a l 1987].

The vapour pressure of each pure component, P,°, at the given

temperature T  was calculated from a simplified version of the Wagner [1974]

equation

In
Kpcy

[A0 + B 0 "  + C 0’ +D0°] / u o ^
-----------------------------------------------------------------------  (H.8)

1 - 0

where

A, B, C, and D  are the Wagner coefficients of the pure component;

Tc is the component’s critical temperature;

Pc is the component’s critical pressure; and,

T
0 =  1-  —

Tc

Under equilibrium conditions, the sum of the vapour phase mole fractions is 

equal to one:

X>, =1 (H.9)

289

L



MULTICOMPONENT MIXTURES

Thus, with Pi, Xi, and x, known for all the constituent components, Eq. (H.2) 

may be rearranged to give the total equilibrium pressure, P, of an ^-component 

mixture

With the total pressure known, the vapour phase mole fraction of each 

component, y t, may be found using Eq. (H.2).

Equations (H .l) to (H.10) and the MOSCED correlation for activity 

coefficients at infinite dilution were coded in FORTRAN 90 and combined 

within iterative procedures to perform isobaric and isothermal bubble- and 

dew-point calculations for selected multicomponent fuel mixtures. A further 

procedure was added to perform flash calculations at a fixed pressure and 

temperature

Re t̂d et a l [1987] list proven Wagner coefficients and MOSCED 

parameters for approximately 145 pure substances including iso-pentane, iso

octane, H-nonane, and 3-pentanone. However, 2,3-butanedione is not listed 

among these 145 compounds. Consequently, the model parameters for 2,3- 

butanedione were either acquired or estimated by the author from experimental 

data available in the literature.

The critical temperature and pressure of 2,3-butanedione were 

estimated using the Ambrose group estimation method [Reid et a l 1987]. 

Wagner coefficients for the compound were calculated from a forced fit o f the 

Wagner equation to the experimental vapour pressure data of Neely and Hall 

[1972] with additional data points at the normal boiling point and the critical 

point. Figure HI, overleaf, shows the experimental data points of Neely and 

Hall, together with the author’s fitted Wagner equation. The unknown 

MOSCED parameters for 2,3-butanedione were estimated, or assigned as 

follows. The induction factor was estimated by means of a linear interpolation

(H.10)
n

G.2 Model Calibration and Validation X
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Figure HI: Experimental data points and fitted vapour pressure curve for 2,3-butanedione

of data published in Barton [1983], The acidity and basicity factors were 

arbitrarily set to zero. The model was subsequently tuned (by adjustment o f the 

dispersion and polar parameters) to match the experimental values of activity 

coefficients at infinite dilution for the toluene/2,3-butanedione and 

methylcyclohexane/2,3-butanedione binary systems given by Orye and 

Prausnitz [1964]. Figure H2, overleaf, shows the experimental and modelled 

total pressure data for the toluene/2,3-butanedione system at 45 °C. The reader 

will note the increasing error between the experimental data points and the 

calculated total pressure curve as the mole fraction of 2,3-butanedione is 

increased. This increasing error is explained by the 0.025 bar difference in the 

pure 2,3-butanedione vapour pressure value indicated within the figure, and 

suggests that there is some inconsistency between the results o f Neely and Hall 

and those o f Orye and Prausnitz. Given the excellent agreement between the 

model predictions of the pure toluene vapour pressure at 45 °C and the 

measured value o f Orye and Prausnitz, the author believes that the error lies in 

the experimental data o f Neely and Hall. Fitting Neely and Hall’s data to that of 

Orye and Prausnitz at 45 °C suggests that the error may be explained by a 

systematic error (of approximately -2.75 °C) in the results of the former
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O Experimental — Model
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Figure H2: Experimental and original calculated total pressures for toluene (1) / 2,3- 

butanedione (2) system at 45 °C

group. Regrettably, no additional data pertaining to the vapour pressure 

characteristics o f 2,3-butanedione was found within the literature to 

substantiate this belief. However, the author has plotted the data of Orye and 

Prausnitz together with the model results based on the assumption o f a 

systematic 2.75 °C error in the results o f Neely and Hall —  Figure H3 below.
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Figure H3: Experimental and final calculated total pressures for toluene (1) / 2,3- 

butanedione (2) system at 45 °C
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It can be seen that the use of the revised 2,3-butanedione vapour pressure 

curve greatly improves the agreement between the calculated and experimental 

data. Accordingly, the revised vapour pressure data was adopted for use within 

the author’s model.

The model predictions were further validated against published 

experimental VLE data for a variety o f mixtures. Figure H4 shows the 

calculated bubble and dew-point data for the 2,3-butanedione (l)/methanol (2) 

binary system at 1.013 bar. The results show acceptable agreement with the 

published azeotropic data for this system [Lecat 1946]. The boiling 

temperature o f the azeotrope is calculated as 333.8 K (60.65 °C), as opposed 

to Lecat’s figure o f 62 °C, and the molar composition o f the azeotrope is 

correctly predicted. The vapour pressures predicted by the model for the 3- 

pentanone (1) / /so-octane (2) binary system for the 318.2 and 333.2 K 

isotherms are illustrated in Figure H5 along with the experimental data points 

o f Fuchs et al. [1984]. The maximum error between the predicted and 

measured values is seen to be less than 5%. The model predicts the measured 

composition of the azeotrope with similar accuracy.
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Figure H4: T-x-y diagram of the 2,3-butanedione (l)/methanol (2) system at 1.013 bar
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Figure H5: Experimental and predicted vapour pressures of 3-pentanone (l)//'so-octane (2) 

binary pair at 3 18.2 and 333.2 K

Figure H6 shows the model VLE predictions and the validating 

experimental data of Ashcroft et al. [1979] for the toluene (1) / /r-heptane (2) 

binary system at 40 °C. The maximum error o f the model was found to be less
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Figure H6: Experimental and predicted VLE behaviour of toluene (1) /  /7-heptane (2) 

binary system at 40 °C
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than 8% for this system. This level of accuracy was found to be typical of the 

model’s performance for binary mixtures of non-polar compounds, and for 

binary mixtures containing a non-polar compound and a polar compound. It 

should be noted, however, that the predictive capabilities of the model are poor 

for binary mixtures of two polar compounds.

H.3 FORTRAN 90 source code

The following subsections detail the FORTRAN 90 source code for the 

author’s VLE model. The model comprises of four modules, the program 

module, a calculation module, an input/output module, and a fuel properties 

module, each of which is listed in turn.

H.3.1 Program module

PROGRAM vie 
!

! Vapour-Liquid Equilibrium calculation program for selected 
! multicomponent hydrocarbon blends. This module contains the 
! programcalls to menu functions and calculation subroutines 
!
! Author: Martin Davy 
! D a te: 22/2/2000  
!

USE fu e lca lc  
USE v le io  
IMPLICIT NONE

!Dynamic memory allocation 
RE AL, ALLOC AT ABLE :: results(:,:)

IParameters
INTEGER,PARAMETER :: div = 16

IVariable declarations 
INTEGER:: i,j,n 
INTEGER:: fuelld(4)
INTEGER:: error 
R E A L :: P,T 
R E A L :: x(4),y(4),z(4)
REAL :: liquid_vol(4)
R E A L :: vP(4),norm(4)
REAL :: V,F
CHARACTER(LEN=1):: selection

!Loop counters
!Fuel component identification 
!Error status
! System pressure and temperature 
ILiquid,vapour and feed mole fractions 
!Liquid volume fraction 
IComponent vapour pressures 
!Fraction vaporized and feed fraction 
!Menu selection
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{Initialise arrays 
x = 0. 
y = 0. 
z = 0.

! load fuel data 
CALL data_load()

! Opening screens 
CALL title()
CALL sleep@ (l.)

DO

CALL defme_fuel(n,fuelId,liquid_vol) ! Define fuel composition 

IF(n > 2)THEN
selection =  "a" ! Multicomponent fuel

ELSE IF (n =  2)THEN 
selection = "b" ! Binary mixture

CALL multi_menu(selection)
CALL lmf(n,fuelId,liquid_vol,x)
SELECT CASE(selection)

CASE("0")
EXIT

C ASE(" 1") ! Isobaric Bubblepoint
ALLOC ATE(results( 1 ,(2*n)+2))
CALL clear_screen@()
CALL blank_line(10)
WRITE(*, 1000,A D V A N C E -’NO")
READ*, P
CALL Equilib(n,fuelId,P,T,x,y, error) 
results( 1,1 :n)= x( 1 :n) 
results(l,n+l :2*n) = y (l :n) 
results( 1 ,(2 *n)+1 )= T 
results(l,(2*n)+2) = P 
CALL clear_screen@()
CALL blank_line(8)
IF (n =  3)THEN 

PRINT "(12X,a,5(5X,a),3X,a,2X,a)","xl ","x2","x3","y 1 ","y2","y3", &

ELSE 
selection = "c' 

END IF
! Pure component

{Calculation menus 
SELECT CASE(selection) 

CASE("a")
DO

{Ternary or Quaterary calculations

T  (K)","Psat
(bars)"

PRINT *,""
PRINT "(8X,6(2X,f5.3),2X,f6.2,3X,f5.3)",results(l,:)

296



MULTICOMPONENT MIXTURES

ELSE
PRINT ,,(4X,a,7(5X,a),3X,a,2X,a),,,"xl',, ,,x2n,,,x3 ,,, ,,x4 ,',,,y l H/'y2 ,',"y3,,,&

"y4'7’T (K)","Psat (bars)”
PRINT
PRINT M(8(2X,f5.3),2X,f6.2,3X,f5.3)",results(l,:)

END IF
CALL blank_line(2)

WRITE(*,"(28X,a)",ADVANCE="NO"),,SAVE RESULTS? (y/n) : "
READ *, selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL W file(n,fiielld,l,results,0.,0.)
END IF

CASE(''2") llsothermal Bubblepoint
ALLOC ATE(results( 1 ,(2*n)+2))
CALL clear_screen@()
CALL blank_line(10)
WRITE(*,2000,ADVANCE="NO")
READ* T
CALL BpointP(n,fuelId,T,x,P, error)
CALL Equilib(n,fuelId,P,T,x,y, error)
results( 1,1 :n)= x( 1 :n)
results( 1 ,n+1:2*n) = y( 1 :n)
results(l,(2*n)+l) = T
results( 1 ,(2 *n)+2)= P
CALL clear_screen@()
CALL blank_line(8)
IF (n =  3)THEN 

PRINT "(12X,a, 5(5X,a),3 X,a,2X,a)", ”x  1", "x2 ”, ”x3 ”, ”y 1", ”y2 ”,&
”y3","T (K)","Psat (bars)”

PRINT
PRINT ,’(8X,6(2X,f5.3),2X,f6.2,3X ,f5.3),,,results(l,:)

ELSE
PRINT ,,(4X,a,7(5X,a),3X,a,2X,a),,, ,,x l ,,,"x2H,"x3,,, ,,x4",,,y l" ,,,y2 ,,,ife

',y3'7'y4","T (K)","Psat (bars)"
PRINT
PRINT "(8(2X,f5.3),2X,f6.2,3X,f5.3),,,results(l,:)

END IF
CALL blank_line(2)
WRITE(*,,,(28X,a)",ADVANCE=,rNO")”SAVE RESULTS? (y /n ): "
READ *,selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(n,ftielld,l,results,0.,0.)
END IF
CASE("3") !Psat-T Diagram
ALLOC ATE(results(div+1 ,(2 *n)+2))
CALL clear_screen@()
CALL blank_line(2)
IF (n =  3)THEN

PRINT "(4X,a,5(5X,a),3X,a,2X,a)’7 ,x l  M,"x2","x3","yl ,,,My2","y3M,&
"T (K)M,MPsat (bars)”
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PRINT
ELSE

PRINT "(4X,a,7(5X,a),3X,a,2X,a),y'xr,,,,x2,7 ,x3,y ,y l ,,,"y2"j"y3,,>"x4",&
"y4”,"T (K)","Psat (bars)”

PRINT *,'""
END IF 
DO i=0,div 

P = 0.35 + 0.05*i
CALL Equilib(n,fuelId,P,T,x,y,error) 
results(i+1,1 :n)= x( 1 :n) 
results(i+l,n+l:2*n) = y(l:n) 
results(i+1 ,(2 *n)+1 )= T 
results(i+l,(2*n)+2)= P 
IF (n =  3)THEN 

PRINT "(6(2X,f5.3),2X,f6.2,2X,f5.2)',,results(i+l,:)
ELSE

PRINT ,f(8(2X ,f5.3),2X ,f6.2,2X ,f5.2)”,results(i+l,:)
END IF 

END DO
CALL blank_line(2)
WRITE(* ,,(28X,a)",ADVANCE=,fNO ,,) ,,SAVE RESULTS? (y /n ): "
READ *, selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(n,fiielld,2,results,0.,0.)
END IF

CASE("4M) IFlash at constant P and T
ALLOCATE(results(n,4)) 
z = x  
x = 0.
CALL clear_screen@()
CALL blank_line(10)
WRITE(*, 1000,A D V A N C E -’N O ”)
READ*, P
CALL clear_screen@()
CALL blank_line(10)
W RITE(*,2000,ADVANCE=”NO")
READ*, T
CALL flash(n,fuelId,z,P,T,x,y,V)
CALL clear_screen@()
CALL blank_line(7)
PRINT "(17X,a,4X,a,9X,a,9X,a,9X,a)", "Fuel Id","zM,"x","y","V"
PRINT *,""
DO i= l,n  

results(i, 1) = z(i) 
results(i,2) = x(i) 
results(i,3) = y(i) 
results(i,4) = V
PRINT ''(19X,I2,4X,f6.3,4X,f6.3,4X,f6.3,4X,f6.3)”,fuelId(i),results(i,:)

END DO
CALL blank_line(2)
WRITE(*,"(28X,a),,,ADVANCE=”N O ,,)”SAVE RESULTS? (y /n ):"
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READ *,selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(n,fuelld,3,results,P,T)
END IF

CASE ("5") ! Pseudo distillation
ALLOCATE(results(200,(n+2)))
CALL clear_screen@()
CALL blank_line( 10)
WRITER, 1000, ADVANCE="NO")
READ*, P
CALL clear_screen@()
CALL blank_line(10)
CALL BpointT(n,fuelId,P,x,T,error)
CALL clear_screen@()
CALL blank_line(2)

z =  x 
x = 0.
T = T + 0.1 
F =  1.

results = 0.

DO j = l,n
norm(j) = z(j)*fdata(fuelld(j),8)/fdata(fuelld(j),7)

END DO

IF(n=3)T H E N  
PRINT "(//, lX,a,4X,I2,8X,I2,8X,I2,8X,a, 10X,a,/)",&

"Fuel Id”,fuelld( 1 ),fuelId(2),fuelId(3),MT lV,F,, 
PRINT "(10X,f6.3,4X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)",norm(l:3)/norm(l :3),T,F 

ELSE
PRINT "(//, lX ,a,4X,I2,8X,I2,8X,I2,8X,I2,8X,a, 1 OX,a,/)",&

"Fuel Id”,fuelld( 1 ),fuelId(2),fuelId(3),fuelId(4),”T","F" 
PRINT "(10X,f6.3,4X,f6.3,4X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)",&

norm(:)/norm(:),T,F
END IF

DO i=  1,1000 
CALL flash(n,fuelId,z,P,T,x,y,V)
F = F - V  
DO j = l,n

results(ij) = F*x(j)*fdata(luelld(j),8)/(fdata(fuelld(j),7)* norm(j))
END DO
results(i,(n+l)) = T 
results(i,(n+2)) = F 
IF (F <= 0.) EXIT 
IF(n=3)T H E N

PRINT "(10X,f6.3,4X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)",results(i,:)
ELSE

PRINT "(10X,f6.3,4X,f6.3,4X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)",results(i,:)
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END IF
z = x
CALL BpointT(n,fuelId,P,x,T, error) 
T = T + 0.2 
x = 0. 
y = 0.

END DO

{Calculations for Binary Mixtures

!T-x-y Diagram

CALL blank_line(2)
WRITE(*,',(28X,a)",ADVANCE="NO")"SAVE RESULTS? (y/n) : "
READ *,selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(n,fuelld,7,results,P,T)
END IF

CASE DEFAULT 
EXIT 

END SELECT 
END DO 

CASE("b")
DO
CALL binarymenu(selection)
CALL lmf(n,fueUd,liquid_vol,x)
SELECT CASE(selection)
CASE("0")

EXIT 
CASE('TM)

ALLOC ATE(results((div+1 ),3))
CALL clear_screen@()
CALL blank_line(10)
WRITE(*, 1000,ADVANCE="NO")
READ*, P
CALL clear_screen@()
CALL blank_line(2)
PRINT ”(20X,a,4X,a,4X,a,/)'’,”x 1/y 1 ”,"Bubble-Point (K)","Dew-Point (K)" 
DO i = 0, div 

x (l) = i /  REAL(div) 
x(2)=  l.O -x (l)  
y (l) = x (l)  
y(2) = X(2) 
results(i+1, 1) = x( 1)
CALL BpointT (2,IuelId,P,x,results(i+1,2),error)
CALL DpointT(2,fiielId,P,y,results(i+l ,3),error)
PRINT "(19X,f6.3,8X,f6.2,13X,f6.2)",results(i+l,:)

END DO
CALL blank_line(2)
WRITE(*,,,(30X,a)",ADVANCE="NO")"SAVE RESULTS? (y /n ): " 
READ *,selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(2,IueUd,4,results,P,0.0)
END IF
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CASE("2") !P-x-y Diagram
ALLOC ATE(results((div+1 ),3))
CALL clear_screen@()
CALL blank_line(10)
WRITE(*,2000,ADVANCE="NO")
READ*, T
CALL clear_screen@()
CALL blank_line(2)
PRINT "(20X,a,4X,a,2X,a,/)", "x 1 /y  1", "Bubble-Point (Bar)", "Dew-Point (Bar)" 
DO i = 0, div 

x ( l)  = i /  REAL(div) 
x(2) =  1.0 - x ( l)  
y (l)  =  x ( l)  
y(2) = x(2) 
results(i+ l,l) = x ( l)
CALL BpointP(2,fuelId,T,x,results(i+1,2),error)
CALL DpointP(2,fueUd,T,y,results(i+1,3),error)
PRINT "(19X,f6.3,9X,f6.4,13X,f6.4)",results(i+l,:)

END DO
CALL blank_line(2)
WRITE(*,"(30X,a)",ADVANCE="NO")"SAVE RESULTS? (y /n ): "
READ *,selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(2,fiielld,5,results,0.0,T)
END IF 

CASE("3") !x-y Diagram 
ALLOC ATE(results((div+1 ),2))
CALL clear_screen@()
CALL blank_line(10)
WRITE(*, 1000,ADVANCE="NO")
READ*, P
CALL clear_screen@()
CALL blank_line(2)
PRINT "(3 OX,a, 14X,a,/)", "x 1", "y 1"
DO i = 0, div 

x ( l)  = i /  REAL(div) 
results(i+ l,l) = x ( l)  
x(2) =  1.0 - x ( l)
CALL Equilib(2,fuelId,P,T,x,y,error) 
results(i+l,2) =  y ( l)
PRINT"(28X,f6.3,10X,f6.3)",results(i+1,:)

END DO
CALL blank_line(2)
WRITE(*,"(30X,a)",ADVANCE="NO")"SAVE RESULTS? (y /n ): "
READ *, selection 
CALL lcase(selection)
IF(selection =  "y")THEN 

CALL Wfile(n,fiielld,6, results, P,0.)
END IF 

CASE("4") !Psat-T Diagram 
CALL clear_screen@()
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CALL blank_line(2)
CALL lmf(2,fueIId,liquid_vol,x)
ALLOC ATE(results((div+1 ),6))
PRINT ,,(18X,a,3(5X5a),3X,a,2X,a,/)M,,,x l ,,,,,x2",,,y l ,,,"y2,,,,,P sat (bar)",''! (K)" 
results( 1,1:2)= x 
DO i = 0,div 

P = 0.35 + 0-05*1
CALL Equilib(n,fuelId,P,T,x,y,error) 
results(i+l, 1 :n)= x(l :n) 
results(i+l ,n+1:2*n) = y( 1 :n) 
results(i+1 ,(2 *n)+1 )= P 
results(i+l,(2*n)+2)= T
PRINT ,!(14X,4(2X,f5.3),4X,f5.3,5X,f6.2)”,results(i+l,:)

END DO 
PRINT * ""
WRITE(*,"(30X,a)n,ADVANCE=nNO,,)"SAVE RESULTS? (y /n ):"
READ *,selection
IF(selection =  "y".OR. selection =  "Y")THEN 

CALL Wflle(2,fuelld,2,results,0.,0.)
END IF

CASE("5")! Flash calculation 
ALLOCATE(results(n,4)) 
z = x 
x = 0.
CALL clear_screen@()
WRITE(*, 1000, ADVANCE=,̂ SrO,,)
READ*, P 
CALL blank_line(l)
WRITE(*,2000,ADVANCE=”NO")
READ*, T
CALL flash(n,fuelId,z,P,T,x,y,V)
CALL clear_screen@()
PRINT "(16X,a,4X,a,9X,a,9X,a,9X,a)?', "Fuel Id", "z", "x", "y", "V"
PRINT *,""
DO i=l,n  

results(i,l) = z(i) 
results(i,2) = x(i) 
results(i,3) = y(i) 
results(i,4) = V
PRINT "(18X, 12,4X,f6.3,4X,f6.3,4X,f6.3,4X,f6.3)H,fuelId(i),results(i,:)

END DO
CALL blank_line(5)
WRITE(*,',(30X,a)",ADVANCE='TS[O")”SAVE RESULTS? (y /n ): "
READ *,selection
IF(selection == "y".OR.selection =  "Y")THEN 

CALL Wfile(2,fuelld,3,results,P,T)
END IF 

CASE ("6")
ALLOCATE(results(200,(4)))
CALL clear_screen@()
CALL blank_line(10)
WRITE(*, 1000,ADVANCE-*NO")
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READ*, P
CALL clear_screen@()
CALL blank_line(10)
CALL BpointT(n,IuelId,P,x,T,error)
CALL clear_screen@()
CALL blank_line(2) 
z = x 
x = 0.
T = T + 0.1 
F = 1
results = 0 
DO j = 1 ,n

norm(j) = z(j)*fdata(fuelld(j),8)/fdata(flielld(j),7)
END DO
PRINT "(//, 1 X,a,4X,I2,8X,I2,8X,a, 1 OX,a,/)", "Fuel Id”,fuelld( 1 ),fuelld(2), "T", "F" 
PRINT ”(10X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)",norm(l:2)/norm(l:2),T,F 
DO i=  1,1000 

CALL flash(n,fuelId,z,P,T,x,y,V)
F = F - V 
DO j = l,n

results(ij) = F*x(j)*fdata(fuelld(j),8)/(fdata(fuelld(j),7)* norm(j))
END DO
results(i,(n+l)) = T 
results(i,(n+2)) = F 
IF (F <= 0.) EXIT
PRINT "(10X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)",results(i,:) 
z = x
CALL BpointT(n,fuelId,P,x,T,error)
T = T + 0.2 
x = 0. 
y = 0.

END DO
CALL blank_line(2)
WRITE(*,”(28X,a)",ADVANCE=,,NO,,),,SAVE RESULTS? (y/n) : "
READ *, selection 
CALL lcase(selection)
Deselection =  "y")THEN 

CALL Wfile(n,fuelld,7,results,P,T)
END IF

CASE DEFAULT 
END SELECT 

END DO
CASE("cn)!Pure component calculations 
DO
CALL puremenu(selection)
SELECT CASE(selection)
CASEC'O")

EXIT
CASE('T M)!Isothermal boiling point 

CALL clear_screen@()
CALL blank_line(2)
ALLOC ATE(results( 1,2))
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WRITE(*,"(25X,a)",ADVANCE-'NO")"Enter system temperature:" 
READ *, T
CALL clear_screen@()
CALL blank_line(7)
PRINT "(27X,a,7X,a)","P sat (bar)","T (K)"
PRINT*,""
CALL wagner( 1, fiielld, T, vP) 
results(l,l) = vP(l) 
results(l,2) = T
PRINT"(3 0X,f4.2,10X,f6.2)",results( 1,:)
CALL blank_line(2)
WRITE(*,"(30X,a)",ADVANCE="NO")"SAVE RESULTS? (y/n) : " 
READ *,selection
Deselection =  "y".OR.selection =  "Y")THEN 

CALL Wfile(l,fuelId,0,results,0.,0.)
END IF 

C ASE("2 ")! Psat-T Diagram 
CALL clear_screen@()
CALL blank_line(2)
ALLOC ATE(results((div+1 ),2))
PRINT ,,(33X,a,3X,a)',,"T (K)","P sat (bar)H 
PRINT*,"”
DO i = 0,div 

T = 300 + 5*i 
results(i+l,l) = T 
CALL wagner(l, fiielld, T, vP) 
results(i+l,2) = vP(l)
PRINT"(33X,f6.2,5X,f4.2)",results(i+l,:)

END DO 
PRINT *, ""
WRITE(*,"(30X,a)",ADVANCE=,,NO")”SAVE RESULTS? (y/n) : " 
READ *,selection
Deselection =  "y".OR. selection =  "Y")THEN 
CALL Wfile(l,fuelld,2, results, 0.0,0.0)

END IF 
CASE DEFAULT 
END SELECT 
END DO 

CASE DEFAULT 
END SELECT 
END DO

! Format Statements
1000 FORMAT( 24X,"System pressure (Bars): ")
2000 FORMAT( 24X,"System temperature (K): ")

END PROGRAM vie
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H.3.2 Calculation module 

MODULE fuelcalc

! This module contains the calculation subroutines for the author's 
! VLE program for multicomponent mixtures 
!

! Author: Martin Davy 
! Date: 28/3/00

USE fueldata 

CONTAINS

SUBROUTINE hnf(n,fuelId,liquid_vol,x)

! This subroutine calculates liquid mole fraction from liquid volume fractions 

IMPLICIT NONE 

! Arguments
INTEGER, INTENT(IN) :: n 
INTEGER, INTENT(IN) :: fuelld(4)
REAL, INTENT(IN) :: liquid_vol(4)
REAL, INTENT(OUT) :: x(4)

!Local variables 
INTEGER:: i 
REAL:: moles(4)

Unitialize local array 
moles = 0.0

! Total moles in liquid phase (assuming STP and zero initial vaporization) 
DO i=l,n,l

moles(i) = (fdata(fuelld(i),7)* liquid_vol(i))/fdata(fuelId(i),8)

END DO

! Mole fractions in liquid phase (assuming STP and zero initial vaporization) 
DO i=l,n,l

x(i) = moles(i) / SUM(moles)

END DO

END SUBROUTINE lmf
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SUBROUTINE mosced(A,B,T,WP12,WP21)

IMPLICIT NONE

! Subroutine to calculate activity coefficents at infinite dilution 
! for binary mixtures using the MOSCED method. The subroutine outputs 
! Wilson parameters for the binary pair.
;

! Author: Martin Davy 
! Date: 8/2/00
I
! Arguments
INTEGER, INTENT(IN):: A,B ! Identities of binary pair 
REAL, INTENT(IN) :: T ! System Temperature 
REAL, INTENT(OUT):: WP12, WP21 ! Wilson parameters

!Parameters
REAL,PARAMETER :: R= 1.987 

ILocal variables
REAL :: glinf,g2inf,WP12initial
REAL :: v 1,v2,Lam 1 ,Lam2,torO,tor 1 ,tor2,q 1 ,q2,alp0,alp 1 ,alp2,bet0,bet 1 ,bet2 
REAL:: POLl,POL2,psil,psi2,epsl,eps2,alpalpl,alpalp2

! Initialise 2nd Binary fuelldonent parameters 
v2 = fdata(B,9)
Lam2 = fdata(B, 10) 
torO = fdata(B,ll) 
q2 =fdata(B,12) 
alpO = fdata(B,13) 
betO = fdata(B,14)

[Calculate temperature dependencies for 2nd Binary fuelldonent 
tor2 = torO * (293 / T)**0.4 
alp2 = alpO * (293 / T)**0.8 
bet2 = betO * (293 / T)**0.8
POL2 = ((q2**4.0) * (1.15 - 1.15*EXP(-0.020*(tor2**3)))) + 1.0 
Psi2 = POL2 + (0.01 I*alp2*bet2) 
eps2 = 0.68*(POL2 -1) + &

(3.4 - 2.4*EXP(-0.023*((alp0*bet0)**1.5)))**((293/T)**2.0) 
alpalp2 = 0.953 - (0.00968)*((tor2**2.0) + (alp2*bet2))

! Initialise 1st Binary fuelldonent parameters 
vl = fdata(A,9)
Laml =fdata(A,10) 
torO = fdata(A,l 1) 
ql =fdata(A,12) 
alpO = fdata(A,13) 
betO = fdata(A,14)
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{Calculate temperature dependencies for 1st Binary fuelldonent

tori = torO * (293 / T)**0.4 
alpl = alpO * (293 / T)**0.8 
betl = betO * (293 / T)**0.8
POL1 = ((ql**4.0) * (1.15 - 1.15*EXP(-0.020*(tor 1 **3)))) + 1.0 
Psil = POL1 + (0.011*alpl*betl) 
epsl = 0.68*(POL1 -l) + &

(3.4 - 2.4*EXP(-0.023*((alp0*bet0)**1.5)))**((293/T)**2.0) 
alpalpl = 0.953 - (0.00968)*((torl**2.0) + (alpl*betl))

{Calculate infinite dilution actcof coefficients for binary mixture

g2inf = EXP((v2/(R*T)) * ( ((Laml-Lam2)**2.0) &
+ (((ql**2.0 * q2**2.0)*((torl-tor2)**2))/Psil) &

+ (((alpl - alp2)*(betl - bet2))/epsl)) &
+ LOG((v2/vl )**alpalp2) + 1 - ((v2/vl)**alpalp2))

glinf = EXP((vl/(R*T)) * ( ((Lam2-Laml)**2.0) &
+ (((q2**2.0 * ql**2.0)*((tor2-torl)**2))/Psi2) &

+ (((alp2 - alpl)*(bet2 - betl))/eps2)) &
+ LOG((vl/v2)**alpalpl) + 1 - ((vl/v2)**alpalpl))

{Calculate Binary parameters for Wilson Equation 

WP12initial = EXP(1.0)/glinf 

DO
WP21 = EXP(1.0 - LOG(g2inf) - WP12initial) 
WP12 = EXP(1.0 - LOG(glinf) - WP21)
IF (WP12initial == WP12) EXIT 
WP12initial = WP12 

ENDDO

END SUBROUTINE mosced
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SUBROUTINE wilson(x,WP,n,actcof)

Subroutine to solve for activity coefficients using Wilson's equation

Author: Martin Davy 
Date: 7/2/00

IMPLICIT NONE

lArguments
REAL, INTENT(IN) :: WP(4,4)
REAL, INTENT(IN) :: x(4)
INTEGER, INTENT(IN) :: n 
REAL, INTENT(OUT):: actcof(4)

! initialise output array 
actcof = 0.0

IF (n=2) THEN

actcof(l) = EXP(-LOG(x(l) + x(2)*WP(l,2)) &
- (x(l) / (x(l) + x(2)*WP(l,2))) &

- (x(2)*WP(2,l) / (x(l)*WP(2,l) + x(2))) &
+ 1.0)

actcof(2) = EXP(-LOG(x( 1 )* WP(2,1) + x(2)) &
- (x(l)*WP(l,2) / (x(l) + x(2)*WP(l,2))) &

- (x(2) / (x(l)*WP(2,l) + x(2))) &
+ 1.0)

ELSEIF ( n = 3 )  THEN

actcof(l) = EXP(-LOG(x(l) + x(2)*W P(l,2) + x(3)*W P(l,3)) &
- (x ( l)  /  (x ( l)  + x(2)*W P(l,2) + x(3)*W P(l,3))) &

- (x(2)*W P(2,l) /  (x (l)*W P (2,l) + x(2) +  x(3)*W P(2,3))) &
- (x(3)*W P(3,l) /  (x (l)*W P (3,l) + x(2)*W P(3,2) + x(3))) &

+ 1)

actcof(2) = EXP(-LOG(x( 1 )+W P(2,1) + x(2) +  x(3)*W P(2,3)) &
- (x(l)*W P (l,2) /  (x ( l)  + x(2)*W P(l,2) + x(3)*W P(l,3))) &

- (x(2) /  (x(l)*W P (2,l) + x(2) +  x(3)*W P(2,3))) &
- (x(3)*W P(3,2) /  (x(l)*W P (3,l) + x(2)*W P(3,2) + x(3))) &

+ 1)

actcof(3) = EXP(-LOG(x( 1 )*W P(3,1) + x(2)*W P(3,2) + x(3)) &
- (x(l)*W P (l,3) /  (x ( l)  + x(2)*W P(l,2) +  x(3)*W P(l,3))) &

- (x(2)*W P(2,3) /  (x (l)*W P (2 ,l) + x(2) + x(3)*W P(2,3))) &
- (x(3) /  (x(l)*W P (3,l) + x(2)*W P(3,2) + x(3))) &

+ 1)

! Parameter array 
! Liquid Mass fraction array 
! Number of fuelldonents in mixture 
! activity coefficient array

308



MULTICOMPONENT MIXTURES

ELSEIF (n=4) THEN

actcof(l) = EXP(-LOG(x(l) + x(2)*WP(l,2) + x(3)*WP(l,3) + x(4)*WP(l,4» &
- (x(l) / (x(l) + x(2)*WP(l,2) + x(3)*WP(l,3) + x(4)*WP(l,4))) &
- (x(2)*WP(2,l) / (x(l)*WP(2,l) + x(2) + x(3)*WP(2,3) + x(4)*WP(2,4))) &
- (x(3)*WP(3,l) / (x(l)*WP(3,l) + x(2)*WP(3,2) + x(3) + x(4)*WP(3,4))) &

- (x(4)*WP(4,l) / (x(l)*WP(4,l) + x(2)*WP(4,2) + x(3)*WP(4,3) + x(4») &
+ D

actcof(2) = EXP(-LOG(x( 1 )*WP(2,1) + x(2) + x(3)*WP(2,3) + x(4)*WP(2,4)) &
- (x(l)*WP(l,2) / (x(l) + x(2)*WP(l,2) + x(3)*WP(l,3) + x(4)*WP(l,4))) &
- (x(2) / (x(l)*WP(2,l) + x(2) + x(3)*WP(2,3) + x(4)*WP(2,4))) &
- (x(3)*WP(3,2) / (x(l)*WP(3,l) + x(2)*WP(3,2) + x(3) + x(4)*WP(3,4))) &
- (x(4)*WP(4,2) / (x(l)*WP(4,l) + x(2)*WP(4,2) + x(3)*WP(4,3) + x(4») &

+ 1)

actcof(3) = EXP(-LOG(x( 1 )*WP(3,1) + x(2)*WP(3,2) + x(3) + x(4)*WP(3,4)) &
- (x(l)*WP(l,3) / (x(l) + x(2)*WP(l,2) + x(3)*WP(l,3) + x(4)*WP(l,4))) &
- (x(2)*WP(2,3) / (x(l)*WP(2,l) + x(2) + x(3)*WP(2,3) + x(4)*WP(2,4))) &

- (x(3) / (x(l)*WP(3,l) + x(2)*WP(3,2) + x(3) + x(4)*WP(3,4))) &
- (x(4)*WP(4,3) / (x(l)*WP(4,l) + x(2)*WP(4,2) + x(3)*WP(4,3) + x(4))) &

+ 1)

actcof(4) = EXP(-LOG(x( 1 )*WP(4,1) + x(2)*WP(4,2) + x(3)*WP(4,3) + x(4)) &
- (x(l)*WP(l,4) / (x(l) + x(2)*WP(l,2) + x(3)*WP(l,3) + x(4)*WP(l,4))) &
- (x(2)*WP(2,4) / (x(l)*WP(2,l) + x(2) + x(3)*WP(2,3) + x(4)*WP(2,4))) &
- (x(3)*WP(3,4) / (x(l)*WP(3,l) + x(2)*WP(3,2) + x(3) + x(4)*WP(3,4))) &
- (x(4) / (x(l)*WP(4,l) + x(2)*WP(4,2) + x(3)*WP(4,3) + x(4))) &

+ 1)

ELSE

ENDIF

END SUBROUTINE wilson
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SUBROUTINE wagner(n,fuelId,T,vP)

IMPLICIT NONE

! Subroutine to calculate pure fuel component vapour pressures using 
! Wagner's equation.
I
! Author: Martin Davy 
! Date: 6/2/00

lArgument declaration 
INTEGER,INTENT(IN):: n 
INTEGER,INTENT(IN):: fueUd(4)
REAL, INTENT(IN) :: T 
REAL, INTENT(OUT) :: vP(4)

!Local Variables 
REAL:: mult 
INTEGER:: i

! initialise output array 
vP = 0.0

DO i=l,n,l 
mult = 1 - (T / fdata(fuelld(i),5)) 
vP(i) = fdata(fiielld(i),6) * EXP(((fdata(fuelId(i), 1 )*mult) + & 

(fdata(fueUd(i),2)*mult**l .5) &
+ (fdata(fueUd(i),3)*mult**3.0) + (fdata(fuelld(i),4)*mult**6.0))/(l-mult)) 

END DO

END SUBROUTINE wagner

INumber of components 
!Fuel component Id 
! Temperature
IPure substance vapour pressures
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SUBROUTINE total__pressure(n,actcof,x,vP,P)

IMPLICIT NONE

! Subroutine to calculate total pressure fromm partial pressures and 
! actcof factors
I
! Author: Martin Davy 
! Date: 11/2/00

lArguments
INTEGER,INTENT(IN):: n 
REAL, INTENT(IN):: actcof(4) 
REAL, INTENT(IN) :: x(4) 
REAL, INTENT(IN) :: vP(4) 
REAL,INTENT (OUT) :: P

INumber of components 
!Activity coefficients 
ILiquid mole fraction 
!Pure substance vapour pressure 
!Total pressure

ILocal variable 
INTEGER:: i

P = 0.0

DO i=l,n,l
P = P + actcof(i)*x(i)*vP(i)

END DO

END SUBROUTINE total_pressure
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SUBROUTINE vmf(n,actcof,x,vP,P,y)

IMPLICIT NONE

! Subroutine to calculate the equilibrium vapour mole fractions 
!

! Author: Martin Davy 
! Date: 11/2/00

! Arguments
INTEGER, INTENT(IN):: n 
REAL, INTENT(IN):: actcof(4) 
REAL, INTENT(IN):: x(4) 
REAL, INTENT(IN) :: vP(4) 
REAL, INTENT(IN) :: P 
REAL,INTENT (OUT) :: y(4)

INumber of components 
lActivity coefficients 

ILiquid mole fractions 
IPure substance vapour pressure 

ITotal pressure
IVapour mole fraction

ILocal variables 
INTEGER:: i

DO i=l,n,l 
y(i) = (actcof(i) * x(i) * vP(i)) / P 

END DO

END SUBROUTINE vmf
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SUBROUTINE BpointP(n,fiielId,T,x,P,error)

! Subroutine to calculate bubblepoint pressure (bars)of a multicomponent 
Ifuel mixture for fixed Temperature (K)
!

! Author: Martin Davy 
! Date: 3/3/00

IMPLICIT NONE

! Arguments
INTEGER, INTENT(IN):: n 
INTEGER, INTENT(IN) :: fuelld(4)
REAL, INTENT(IN) :: T 
REAL, INTENT(IN) :: x(4)
REAL, INTENT(OUT):: P 
INTEGER, INTENT(OUT):: error

! Parameters
REAL, PARAMETER :: epsilon = le-5 1PRECISION

ILocal variable declarations 
INTEGER:: ij 
REAL :: WP(4,4)
REAL:: actcof(4)
REAL:: vP(4)
REAL:: y(4)

Unitialise error 
error = 0

Unitialise arrays 
WP = 0. 
actcof =0. 
y = 0. 
vP =0.0

IF(n>l)THEN
[Calculate wilson parameters for all possible binary pairs in blend

DO i=l,(n-l),l 
DO j=2,n, 1 

IF(i/=j) THEN 
CALL mosced(fiielId(i),fuelId(j),T,WP(ij),WP(j,i))

END IF 
END DO 

END DO

{Calculate activity coefficients using Wilson's equation 
CALL wilson(x,WP,n,actcof)

END IF

ILoop counters
! Wilson parameters of binary pairs 
lActivity coefficient array 
IPure substance vapour pressures 
IVapour phase mole fractions

!No. of fuel components 
IFuel Id 
! Temperature
! Liquid phase mole fractions 
IBubble point pressure 
lError code
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{Calculate pure comonent vapour pressures using Wagner's Equation 
CALL wagner(n, fiielld, T, vP)

{Calculate bubble point pressure 
CALL total_pressure(n,actcof,x,vP,P)

{Check validity of bubblepoint values by calculation of equilibrium 
{vapour mass fractions 
CALL vmf(n,actcof,x,vP,P,y)

IF((1. - SUM(y))> epsilon)THEN 
error = 1 
RETURN 

END IF

END SUBROUTINE BpointP
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SUBROUTINE BpointT(n,fiielId,P,x,T,error)

!Subroutine to calculate bubblepoint temperature (K) of a multicomponent 
{fuel mixture for fixed pressure (bars)
I
! Author: Martin Davy 
! Date: 3/3/00

IMPLICIT NONE

!Arguments
INTEGER, INTENT(IN) :: n 
INTEGER, INTENT(IN) :: fuelld(4)
REAL, INTENT(IN) :: P 
REAL, INTENT(IN):: x(4)
REAL, INTENT(OUT):: T 
INTEGER, INTENT(OUT):: error

!Parameters
REAL, PARAMETER :: epsilon = le-6

{Local variable declarations 
INTEGER:: ij,count 
REAL:: WP(4,4)
REAL:: actcof(4)
REAL:: vP(4)
REAL :: y(4)
REAL:: S0,S1,T0,T1

Unitialise error and counter 
error = 1 
count = 1

Unitialise arrays 
WP = 0. 
actcof = 0. 
y = 0.

{Initial guess for T (100 deg C)
T = 373.15

DO

IF(n>l)THEN
{Calculate wilson parameters for all possible binary pairs in blend

DO i=l,(n-l),l 
DO j=2,n,l 
IF(i/=j) THEN 

CALL mosced(fiielId(i),fuelId(j),T, WP(ij), WP(j, i))
END IF 

END DO

!No. of fuel components
{Fuel Id
{pressure
{Liquid phase mole fractions 
{Bubble point temperature 
{Error code

{PRECISION

{Loop counters
{Wilson parameters of binary pairs 
{Activity coefficient array 
{Pure component vapour pressure 
{Vapour phase mole fractions 
{Iteration variabls
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END DO

{Calculate activity coefficients using Wilson's equation 
CALL wilson(x,WP,n,actcof)

END IF

{Calculate pure comonent vapour pressures using Wagner's Equation 
CALL wagner(n, fiielld, T, vP)

{Check validity of bubblepoint values by calculation of equilibrium 
{vapour mass fractions

CALL vmf(n,actcof,x,vP,P,y)

SI = SUM(y)
T1 = T

IF (count>l) THEN 
IF(ABS(T1-T0)<epsilon )THEN 

error = 0 
RETURN 

ELSE
T = T1 + (1 - S1)*((T1 - T0)/(S1 - SO))
TO = T1 
S0 = S1 

END IF 
ELSE

IF(S1>1.)THEN 
T = 323.0 {Second iteration for SI > 1
S0 = SI 
TO = T1 

ELSE IF(SK1.)THEN 
T = 423.0 {Second iteration for SI < 1
S0 = SI 
TO = T1 

ELSE 
error = 0 
RETURN 

END IF 
END IF

count = count + 1 

END DO 

END SUBROUTINE BpointT
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SUBROUTINE DpointT(n,fuelId,P,y,T,error)

! Subroutine to calculate dewpoint temperature (K) of a 
! multicomponent vapour fuel mixture for fixed pressure (bars) 
!

! Author: Martin Davy 
! Date: 4/3/00

IMPLICIT NONE

! Arguments
INTEGER, INTENT(IN):: n 
INTEGER, INTENT(IN) :: fuelld(4) 
REAL, INTENT(IN) :: P 
REAL, INTENT(IN) :: y(4)
REAL, INTENT(OUT):: T 
INTEGER, INTENT(OUT):: error

!No. of fuel components 
!Fuel Id 
! pressure
IVapour phase mole fractions 
!Dew point temperature 
[Error code

! Parameters
REAL, PARAMETER :: epsilon = le-6 1PRECISION

! Local variable declarations 
INTEGER:: ij,count 
REAL:: WP(4,4)
REAL :: actcof(4)
REAL :: vP(4)
REAL :: x(4)
REAL:: SO,SI,TO,T1

!Loop counters
! Wilson parameters of binary pairs 
lActivity coefficient array 
IPure component vapour pressure 
ILiquid phase mole fractions 
llteration variabls

Unitialise error and counter 
error = 1 
count = 1

Unitialise arrays 
WP = 0.
actcof = 1. llnitial value assumes Lewis mixing
x = 0. 
vP = 0.

llnitial guess for T (100 deg C) 
T = 373.15

DO

.'Calculate pure comonent vapour pressures using Wagner's Equation 
CALL wagner(n, fiielld, T, vP)

ICalculate liquid phase mole fractions 
DO i = l,n

x(i) = (y(i) * P)/(actcof(i) * vP(i))
END DO
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SI = SUM(x)
T1 = T

IF (count>l) THEN 
IF(ABS(T 1 -T0)<epsilon )THEN 

error = 0 
RETURN 

ELSE
T = T1 + (1-S1)*((T1 - T0)/(S1 - SO))
TO = T1 
S0 = S1 

END IF
ELSE 

IF(SK1.)THEN 
T = 323.0 !Second iteration for SI > 1
S0 = S1 
TO = T1 

ELSE IF(S1>1.)THEN 
T = 423.0 ISecond iteration for SI <1
S0 = SI 
TO = T1 

ELSE 
error = 0 
RETURN 

END IF
END IF

IF(n>l)THEN
ICalculate wilson parameters for all possible binary pairs in blend

DO i=l,(n-l),l 
DO j=2,n,l 
IF(i/=j) THEN 

CALLmosced(fuelId(i),fuelId(j),T,WP(ij),WP(j,i))
END IF 

END DO 
END DO

{Normalise x values 
x = x / SI

ICalculate activity coefficients using Wilson's equation 
CALL wilson(x,WP,n,actcof)

END IF

count = count + 1 

END DO 

END SUBROUTINE DpointT
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SUBROUTINE DpointP(n,fuelId,T,y,P,error)

! Subroutine to calculate dewpoint pressure (bars) of a 
! multicomponent vapour fuel mixture for fixed temperature (K)
I
! Author: Martin Davy 
! Date: 5/3/00

IMPLICIT NONE

! Arguments
INTEGER, INTENT(IN) :: n 
INTEGER, INTENT(IN) :: fuelld(4)
REAL, INTENT(IN):: T 
REAL, INTENT(IN) :: y(4)
REAL, INTENT(OUT):: P 
INTEGER, INTENT(OUT):: error

IParameters
REAL, PARAMETER :: epsilon = le-6

ILocal variable declarations 
INTEGER:: ij,count 
REAL:: WP(4,4)
REAL:: actcof(4)
REAL :: vP(4)
REAL :: x(4)
REAL:: SO,SI,P0,PI

Unitialise error and counter 
error = 1 
count = 1

Unitialise arrays 
WP = 0. 
actcof= 1. 
x = 0. 
vP = 0.

ICalculate pure comonent vapour pressures using Wagner's Equation 
CALL wagner(n, fuelld, T, vP)

llnitial guess for P (1 bar)
P= 1.0

DO

ICalculate liquid phase mole fractions 
DO i = l,n

x(i) = (y(i) * P)/(actcof(i) * vP(i))
END DO

INo. of fuel components 
IFuel Id 
I Temperature
IVapour phase mole fractions 
IDew point pressure 
lError code

IPRECISION

ILoop counters
I Wilson parameters of binary pairs 
lActivity coefficient array 
IPure component vapour pressure 
ILiquid phase mole fractions 
llteration variabls

llnitial value assumes Lewis mixing
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SI = SUM(x)
PI =P

IF (count>l) THEN 
IF(ABS(P 1 -P0)<epsilon )THEN 

error = 0 
RETURN 

ELSE
P = PI + (1-S1)*((P1 - P0)/(S1 - SO))
P0 = P1 
S0 = S1 

END IF 
ELSE 

IF(SK1.)THEN 
P =1.25 !Second iteration for SI > 1
S0 = S1 
P0 = P1

ELSE IF(S1>1.)THEN
P = 0.75 ISecond iteration for SI < 1
S0 = S1 
P0 = P1 

ELSE 
error = 0 
RETURN 

END IF 
END IF

IF(n>l)THEN
ICalculate wilson parameters for all possible binary pairs in blend

DO i=l,(n-l),l 
DO j=2,n,l 

IF(i/=j) THEN 
CALL mosced(fuelId(i),fuelId(j),T,WP(ij),WP(j,i))

END IF 
END DO 

END DO

INormalise x values 
x = x / SI

ICalculate activity coefficients using Wilson's equation 
CALL wilson(x,WP,n,actcof)

END IF

count = count + 1 

END DO

END SUBROUTINE DpointP
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SUBROUTINE Equilib(n,fuelId,P,T,x,y,error) 
!VLE calculations of equilibrium vapour fractions 
!

[Author: Martin Davy 
!Date: 7/3/00
j
{Arguments
INTEGER,INTENT(IN):: n 
INTEGER,INTENT(IN):: fuelld(4)
REAL,INTENT (IN) :: x(4)
REAL,INTENT(IN):: P 
REAL,INTENT (OUT):: T 
REAL,INTENT (OUT):: y(4)
INTEGER,INTENT (OUT):: error

ILocal variables 
REAL :: WP(4,4)
REAL:: actcof(4)
REAL:: vP(4)

!Get corresponding bubblepoint temperature 
CALL BpointT(n,fiielId,P,x,T,error)

IF(error =  0)THEN 
IF(n>l)THEN
ICalculate wilson parameters for all possible binary pairs in blend 

DO i=l,(n-l),l 
DO j=2,n,l 

IF(i/=j) THEN 
CALL mosced(fuelId(i),fuelId(J),T,WP(ij),WP(j,i))

END IF 
END DO 

END DO

ICalculate activity coefficients using Wilson's equation 
CALL wilson(x,WP,n,actcof)

END IF
ICalculate pure comonent vapour pressures using Wagner's Equation 
CALL wagner(n, fuelld, T, vP)
ICalculate equilibrium vapour mass fractions 
CALL vmf(n,actcof,x,vP,P,y)

ELSE 
error = 2 

END IF

END SUBROUTINE Equilib

INumber of components 
IFuel component identities 
ILiquid phase mole fractions 
I System pressure 
IBubblepoint temp at pressure P 
IVapour phase mole fraction

IPure component vapour pressures
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SUBROUTINE flash(n,fuelId,z,P,T,x,y,V)

IMPLICIT NONE
! Flash calculation at fixed temperature and pressure for multicomponent 
! mixtures
I
! Author: Martin Davy 
! Date: 1/3/00
I
! Arguments
INTEGER, INTENT(IN):: n 
INTEGER, INTENT(IN) :: fuelld(4)
REAL, INTENT (IN) :: z(4)
REAL, INTENT(IN):: P,T 

(K)
REAL, INTENT(OUT):: x(4),y(4)
REAL, INTENT(OUT):: V

! Parameters
REAL, PARAMETER :: epsilon = le-5 IPRECISION

! Local variable declarations 
REAL :: vP(4)
REAL:: K(4)
REAL :: VO 
REAL:: ylast(4)
REAL :: actcof(4)
REAL:: A(4,4)
REAL:: den(4),num(4)
INTEGER:: ij,count

! Initialize all arrays 
vP = 0.
K = 0. 
den = 0. 
num = 0. 
x = 0. 
y = 0. 
ylast = 0.
actcof = 1. llnitial value = Lewis mixing

ICalculate pure component vapour pressures using Wagner's Equation 
CALL wagner(n,fuelId,T,vP)

count = 1

DO
!calculate vapour equilibrium ratio array 
DO i = l,n

K(i) = actcof(i) * vP(i) / P 
END DO

! Saturated vapour pressures at temp T 
IVaporisation Equilibrium Ratio array 
IVapour Mole Fraction iteration 
IVapour mole fractions iteration 
lActivity coefficiens 
! Wilson parameters 
INumerator and denominator of N-R 
ILoop counters

INumber of fuelld components 
Ifuel Ids
ILiquid feed mole fractions 
! Pressure (bars) and Temperature

ILiquid and vapor mole fractions 
IVapour fractions (Feed stream =1)
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! Newton-Raphson iteration for mole fraction vaporised 
VO = 1. ! Starting value

DO
! write num and dem 
DO i = l,n

num(i) = z(i)/(l + V0*(K(i)-l» 
den(i) = ((K(i>l)*z(i)) / (1 + V0*(K(i>l))**2.0 

END DO

V = VO + (SUM(num)-1 )/SUM(den)

IF (ABS(V0-V)< epsilon)EXIT 

V0 = V 

END DO

ICalculate liquid and vapour-phase mole fractions 
DO i = l,n

x(i) = z(i)/(l + V*(K(i>l))
y(0 = K(i)*x(0

END DO

IF (count> 1 )THEN 
IF(ABS(SUM(y) - SUM(ylast))< epsilon)THEN 

RETURN 
END IF 

END IF

ylast = y

ICalculate activity coefficients for liquid phase composition x 
IF(n>l)THEN

ICalculate wilson parameters for all possible binary pairs in blend 
DO i=l,(n-l),l 

DO j=2,n,l 
IF(i/=j) THEN

CALL mosced(fuelId(i),fuelId(j),T,A(ij),A(j,i))
END IF 

END DO 
END DO

ICalculate activity coefficients using Wilson’s equation 
CALL wilson(x,A,n,actcof)

END IF 
count = count + 1 
END DO

END SUBROUTINE flash 

END MODULE fuel calc
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H.3.3 Input / Output Module 

MODULE vleio
j
! Input/output modules for VLE program 
! Author: Martin Davy 
! Date: 2/3/00

USE fiieldata 
IMPLICIT NONE

CONTAINS

SUBROUTINE blank_line(m) 
IMPLICIT NONE 
INTEGER,INTENT(IN):: m 
INTEGER:: i 
DO i=l,m 

PRINT *,""
END DO

END SUBROUTINE blank line

SUBROUTINE title() 
IMPLICIT NONE

CALL clear_screen@() 
CALL blank_line(5)

PRINT  ̂ " ***********************************************************H
PRINT *," * n

PRINT*,” * MULTICOMPONENT VAPOUR-LIQUID
PRINT*,” * EQUILIBRIUM PROGRAM *11
PRINT *, " * *11
PRINT *, " * VERSION 1.0 *11
PRINT *, ” * VLE calculation program for selected fuel components *11
PRINT *, " * Copyright I.C. Engine Group, UCL, London *11
PRINT *, " * *11
PRINT *, ” * AUTHOR: Martin Davy *11
PRINT *, " * *11
PRINT *. ” **********>

END SUBROUTINE title
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SUBROUTINE fuellds(i, fuelld, liquid_vol)

IMPLICIT NONE

INTEGER,INTENT(INOUT):: i 
INTEGER, INTENT(IN):: fuelld(4) 
REAL, INTENT(IN):: liquid_vol(4) 
INTEGER*2 :: k 
INTEGER:: j

DO
CALL clear_screen@() 
CALL blankline (1)

PRINT *, " ***********************************************************11
PRINT *, " * *»
PRINT *, " * FUEL COMPONENT IDENTITIES *"
PRINT *, " * *«
PRINT *, " $ $ afc $ £ $ $ * 4c $ $ $ * $ * $ * % ♦ ♦ ♦ ♦ ♦ ♦ * * * i|c * $ $ * * £***4c * * * * * * % ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ •*
PRINT *, " * *»*
PRINT *, " * 1. 2,2,4-trimethylpentane (iso-Octane) *"
PRINT *, " * 2. 2-methylbutane (iso-Pentane) *"
PRINT *, " * 3. Nonane (n-Nonane) *"
PRINT *, " * 4. Methyl alcohol (methanol) *"
PRINT *, " * 5. 2,3-butanedione (biacetyl) *"
PRINT *, " * 6. 3-Pentanone (Diethyl ketone) *"
PRINT *, " * 7. Benzene *n
PRINT *, " * 8. Toluene (methylbenzene) *"
PRINT *, " * 9. Methylcyclohexane *»»
PRINT *, " * 10. Heptane (n-Heptane) *"
PRINT *, " * 11.2-Butanone (Ethyl Methyl Ketone) *"
PRINT *, " * *!l
PRINT *, " ***********************************************************"
PRINT *, " * *f*
PRINT *, " * PRESS ESC TO RETURN *"
PRINT *, " * *H
PRINT *, " ***********************************************************11

CALL get_key@(k)
IF (K =  27)THEN !Esc key pressed 

i = i-1
CALL clear_screen@()
CALL blank_line(3)
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PRINT *, " % $ % $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ 4s ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ • *
PRINT * " * $n
PRINT * " * DEFINE FUEL COMPOSITION *"
PRINT *, " ♦ $i«
PRINT * " $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$•1
PRINT * " * $M
PRINT * " * 1st Component ID: Volume fraction 1: *"
PRINT * " * 2nd Component ID: Volume fraction 2: *"
PRINT *, " * 3rd Component ID: Volume fraction 3: *"
PRINT * " * 4th Component ID: Volume fraction 4: *"
PRINT *, " * $rt
PRINT * " $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$M
PRINT * " $ $n
PRINT * " ♦ FI for ID list, F10 for Quit *"
PRINT * " * $n
PRINT * " $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"

DO j = 1,4
CALL set_cursor_pos@(32 j+8)
WRITE (*,,,(I2),,,ADVANCE="NO")fiielId(j) 
CALL set_cursor_pos@(60J+8)
WRITE (*, "(f3. 1 ADVANCE=’TS[0")liquid_vol(j) 

END DO

RETURN 
END IF 

END DO

END SUBROUTINE fuellds
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SUBROUTINE defme_fuel(n,fuelId,liquid_vol)

IMPLICIT NONE 

! Arguments
INTEGER,INTENT(OUT) ::n 
INTEGER,INTENT(OUT) ::fuelld(4)
REAL,INTENT(OUT):: liquid_vol(4)

!Local variables 
INTEGER:: i 
INTEGERS :: k
CHARACTER (LEN=l)::query,selection

DO 
n = 0 
fuelld = 0 
liquidvol = 0.0

1 CALL clear_screen@()
CALL blank_line(3)

PRINT *, "
PRINT *, "
PRINT *,"
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, "
PRINT *, ”
PRINT *, "
PRINT *, "
PRINT *, "

DOi= 1,4 
CALL set_cursor_pos@(32,i+8)
WRITE (*,"(I2),,,ADVANCE="NO,')fuelId(i)
CALL set_cursor_pos@(60,i+8)
WRITE (*,"(0.1)",ADVANCE-,NO")liquid_vol(i)

END DO

DO i = 1,4 
CALL set_cursor_pos@(33,i+8)
CALL get_key@(k)
IF (K =  13)THEN 

fuelld(i) = fuelld(i)
ELSE IF(K =  368)THEN

* *»
* DEFINE FUEL COMPOSITION *"
4c * n

* *”
1st Component ID: 
2nd Component ID: 
3rd Component ID: 
4th Component ID:

Volume fraction 1: 
Volume fraction 2: 
Volume fraction 3: 
Volume fraction 4:

*»
afeft

4c n

4c 4 c »

4c 4c it

* FI for ID list, F10 for Quit *"
4c 4 c it
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CALL fuelIds(i,fuelId,liquid_vol)
ELSE IF(K =  377)THEN 

CALL clear_screen@()
CALL set_cursor_pos@(28,l 1)
WRITE(*,"(a)",ADVANCE=,fNOn)"QUIT PROGRAM? (y/n):" 
READ *,selection
IF(selection =  "y".OR.selection =  "Y")THEN 

CALL clear_screen@()
CALL set_cursor_pos@(28,ll)
STOP"Program finished"

ELSE 
GOTO 1 

END IF 
ELSE 

READ *,fuelld(i)
END IF 

END DO

DOi= 1,4 
CALL set_cursorjpos@(60,i+8)
CALL get_key@(k)
IF (K =  13)THEN 

liquidvol(i) = liquidvol(i)
ELSE IF(K =  368)THEN

CALL fuelIds(i,fuelId,liquid_vol)
ELSE IF(K =  377)THEN 

CALL clear_screen@()
CALL set_cursor_pos@(28,l 1)
WRITE(*,”(a)M,ADVANCE=HNO,,)MQUIT PROGRAM? (y/n): " 
READ *,selection
IF(selection =  "yM.OR.selection =  ,fY,f)THEN 

CALL clear_screen@()
CALL set_cursor_pos@(28,11)
STOP "Program finished"

ELSE 
GOTO 1 

END IF 
ELSE 

READ *,liquid_vol(i)
END IF 

END DO

CALL clear_screen@()
CALL blank_line(3)

IF(SUM(liquid_vol) <= 0.9999 .OR. SUM(liquid_vol) >= 1.0001)THEN 
CALL blank_Iine(5)
PRINT"(20X,a)","ERROR: Sum of volume fractions must equal 1" 
CALL sleep@(l.)
GOTO 1 

END IF
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DO i=l,4
IF(fuelId(i)> 0)THEN 
n = n + 1 

END IF 
END DO

PRINT* ft *************************************************************
PRINT* II * *»
PRINT *, ff * CONFIRM FUEL COMPOSITION
PRINT* ff * 4c It
PRINT* ff

PRINT * ff * ***
PRINT* ff * *11
PRINT* ff * *11
PRINT* ff * *•1
PRINT * ff * ***
PRINT *, ff ♦ *rt
PRINT*, ff ************************************************************
PRINT *, ff * *ti
PRINT *, ff * CONFIRM (y/n): ***
PRINT *, ff * *••
PRINT * ff *************************************************************

CALL set_cursor_pos@(0,9)

DO i=l,n,l
IF (SUM(liquidvol) > 0.0) THEN 

PRINT "(8X,a,22X,f5.1 ,a,a),V'*",(liquid_vol(i)* 100),"% ",names(fiielld(i» 
ELSE

PRINT ,,(8X,a,22X,I2,2X,a),V'*,,,i,names(f\ielId(i))
END IF 

END DO

CALL set_cursor_pos@(47,16)
CALL get_key@(k)
READ *,query 
CALL lcase@(query)
IF (query="y ")EXIT

END DO
END SUBROUTINE defmefuel
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SUBROUTINE binarymenu(selection)

IMPLICIT NONE

CHARACTER(LEN= 1),INTENT (OUT) “selection

CALL clear_screen@()
CALL blank_line(3)

PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
PRINT * 
PRINT* 
PRINT* 
PRINT* 
PRINT*

$  $  $  *  £  *  $  *  *  $  $  4s *  *  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  ♦  *  ♦  ♦  ♦  ♦  ♦  ♦  *•

SELECT BINARY MIXTURE CALCULATION * ? i

*««

1. T-x-y Diagram
2. P-x-y Diagram
3. x-y Diagram
4. P-T Diagram
5. Flash at fixed P and T

0. New fuel composition

*«•

*?«

* K

*n

*»
***

*»*

*«
***

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 1 1  

*  * »

* SELECTION: *"
*  ***

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CALL set_cursor_pos@(46,19) 

READ *,selection 

END SUBROUTINE binary menu
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SUBROUTINE multimenu(selection)

IMPLICIT NONE

CHARACTER(LEN= 1),INTENT (OUT) ::selection

CALL clear_screen@() 
CALL blank_line(2)

PRINT * " 4c * * * * * £ * $ $ ♦ *♦$ * $ ♦ ♦ * $ £ ♦ ♦♦♦ ♦ * $ $ ♦ s|c ♦ ♦♦*♦* % * * * $ $ * * ♦ * £ * $ * * * $ * $ * ft

PRINT * " 4: ♦ii

PRINT * " 4c SELECT MULTICOMPONENT MIXTURE CALCULATION ♦n

PRINT " 4c ♦•i

PRINT * " ♦ 4c 4s 4c 4c 4s 4s 4s 4s 4c 4c 4c 4c 4c 4c 4c 4c 4s 4c 4c 4s 4c 4c 4c 4c 4c 4c 4c 4s 4s 4c 4s 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c”

PRINT " ♦ ♦ii

PRINT * " ♦ ♦ii

PRINT ♦ 1. Isobaric Bubblepoint ♦n

PRINT * " ♦ 2. Isothermal Bubblepoint ♦•i

PRINT ♦ 3. Psat-T Diagram ♦ii

PRINT ♦ 4. Flash at fixed P and T ♦it

PRINT * " ♦ 5. Pseudo Distillation ♦ii

PRINT * " ♦ ♦H

PRINT * " ♦ 0. New fuel composition ♦•i

PRINT ♦
PRINT ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦•I

PRINT * " ♦ ♦h

PRINT ♦ SELECTION:
PRINT * " ♦ ♦ii

PRINT * " ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦it

CALL set_cursorjpos@(46,19) 

READ *,selection 

END SUBROUTINE multi menu
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SUBROUTINE puremenu(selection) 

IMPLICIT NONE

CHARACTER(LEN= 1),INTENT (OUT) -selection

CALL clear_screen@()
CALL blank_line(3)

PRINT * " 3(C 3fc 3|C 3fc 3§f 3|C 3fC 3fc 3|e j fc  3|C 3§C Ŝ E 3̂ E afc 3̂ E 3̂ C afc 3̂ E 3fc afc 3̂ C 3fC ifc  3§C Sf: 3|C 3|c 3§C SfC 3f: 3f; 3fC 3fC 3§C 3fC 3§C 3|C 3|C 3fC 3fC 3(£ 3|C 3§C 3|C 3§C 3|C 3f£ 3fC 3(C 3|c  t f

PRINT * " * * »

PRINT " * PURE COMPONENT CALCULATIONS * 1 !

PRINT " * * » »

PRINT * " ************************************************************11
PRINT * " * * » t

PRINT * 1. Isothermal Boiling Point * 1 1

PRINT * " * 2. Psat-T Diagram *»»
PRINT " ♦ * t ?

PRINT * 0. New fuel composition * 1 1

PRINT * " * * 1 1

PRINT ♦  $  * *  *  *  *  * *  * $  4 c  *  *  *  $  *  *  $  *  $  * * * $  $  * *  *  *  $  $  $  *  4 c  *  * ** *  * * 4 c  *  *  *  4 c  *  * * 1 I

PRINT * "
* * 1 1

PRINT * "
* SELECTION: * * *

PRINT * "
* *••

PRINT * " * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 1 1

CALL set_cursor_pos@(46,16) 

READ *, selection 

END SUBROUTINE puremenu
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SUBROUTINE Wfile(n,fuelld,calc,results,varl ,var2)

IMPLICIT NONE 

! Arguments
INTEGER, INTENT(IN):: n 
INTEGER, INTENT(IN):: fuelld(4)
INTEGER, INTENT(IN):: calc 
REAL, INTENT(IN):: varl,var2 
REAL,INTENT (IN):: results(:,:)

ILocal variables
CHARACTER(LEN=256): :filename 
CHARACTER(LEN=10):: date,time,zone 
INTEGER:: i, values(8)

WRITE(*,?,(//,20X,a),,,ADVANCE="NO") "ENTER FILENAME:"
READ *,filename
filename = TRIM(filename)//".dat”

!Get system time and date
CALL date_and_time(date,time,zone,values)

!Open output file
OPEN(UNIT=4,file=TRIM(filename),STATUS="unknown")

! Write fuel composition
WRITE (4, "(/,2X,a,/)")"F uel Composition"
DO i=l,n

WRITE (4,"(2X,I2,a,2X,a)")i,”:”,names(fuelId(i))
END DO 
WRITE (4, ”(//)")

! Write headers and results 
IF(calc =  0) THEN

WRITE (4,"(4X,a,7X,a,/)”)"P sat (bar)","T (K)"
WRITE (4,"(6X,f5.3,10X,f6.2)")results( 1,:)

ELSE IF(calc =  1) THEN 
IF (n =  3)THEN

WRITE(4,"(12X,a,5(5X,a),3X,a,2X,a,/)")"xl","x2","x3",”yl",”y2","y3",&
"T (K)","Psat

(bars)"
WRITE (4,"(8X,6(2X,f5.3),2X,f6.2,3X,f5.2)")results(l,:)

ELSE IF (n =  4)THEN
WRITE (4,"(4X,a,7(5X,a),3X,a,2X,a,/)")"xl ","x2","x3","x4","y 1

"y2","y3","y4","T (K)","Psat (bars)" 
WRITE (4,"(8(2X,f5.3 ),2X,f6.2,3X,f5.2)")results( 1,:)

END IF 
ELSE IF(calc =  2)THEN 

IF (n =  1)THEN 
WRITE (4, "(4X,a,2X,a,/)")"T (K)","P sat (bars)"

!No. of fuel components 
!Fuel Ids 
! Calculation type 
! System variables 
!Results array
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DO i = l,SIZE(results,l)
WRITE (4,"(4X,f6.2,5X,f4.2)")results(i,:)

END DO 
ELSE IF (n=2)THEN 

WRITE (4,"(4X,a,5(5X,a),3X,a,2X,a,/)")"x 1 ”,"x2","y2","y2","P sat (bars)","T
(K)"

DO i = l,SIZE(results,l)
WRITE (4,"(4(2X,f5.3),4X,f5.3,5X,f6.2)")results(i,:)

END DO 
ELSE IF (n =  3)THEN 

WRITE (4,"(4X,a,5(5X,a),3X,a,2X,a,/)")&
"xl ","x2","x3","yl ',,,,y2,V,y3,',"T (K)","P sat

(bars)"
DO i = l,SIZE(results,l)

WRITE (4,"(6(2X,f5.3),2X,f6.2,2X,f5.3)")results(i,:)
END DO 

ELSE IF (n =  4) THEN 
WRITE

(4, "(4X,a, 7(5X,a),3X,a,2X,a,/)")"x 1", "x2", "x3 ", "x4", "y 1", Hy2", "y3 ", "y4", "T 
(K)","Psat (bars)"

DO i =l,SIZE(results,l)
WRITE (4,"(8(2X,f5.3),2X,f6.2,2X,f5.3)")results(i,:)

END DO 
END IF 

ELSE IF(calc =  3)THEN
WRITE (4,"(10X,a,f5.3,a)")"System Pressure ",varl," (bars)"
WRITE (4,"(10X,a,f6.2,a,//)")"System Temperature ",var2," (K)"
WRITE (4,"( 10X,a,4X,a,9X,a,9X,a,9X,a,/)")"Fuel Id","z","x","y","V"
DO i=l,n

WRITE (4,"(12X,I2,4X,f6.3,4X,f6.3,4X,f6.3,4X,f6.3)")fiieUd(i),results(i,:)
END DO 

ELSE IF(calc =  4)THEN
WRITE (4,"(10X,a,f5.3,a,//)")"System Pressure ",varl," (bars)"
WRITE (4,"( 10X,a,4X,a,4X,a,/)")"xl/y l","Bubble-Point (K)", "Dew-Point (K)"
DO i = l,SIZE(results,l)

WRITE (4,"(9X,f6.3,8X,f6.2,13X,f6.2)")results(i,:)
END DO 

ELSE IF(calc =  5)THEN
WRITE (4,"(10X,a,f6.2,a,//)")"System Temperature ",var2," (K)"
WRITE (4, "(20X,a,4X,a,2X,a,/)")"x 1/yl", "Bubble-Point (Bar)", "Dew-Point (Bar)" 
DO i = l,SIZE(results,l)

WRITE (4,"(19X,f6.3,9X,f6.4,13X,f6.4)")results(i,:)
END DO 

ELSE IF(calc =  6)THEN
WRITE (4,"(10X,a,f5.3,a,//)")"System Pressure ",varl," (bars)"
WRITE (4,"(1 OX,a, 14X,a,/)")"xl", "y 1"
DO i = l,SIZE(results,l)

WRITE (4,"(8X,f6.3,10X,f6.3)")results(i,:)
END DO 

ELSE IF(calc =  7)THEN
WRITE (4,"(10X,a,f5.3,a,//)")"System Pressure ",varl," (bars)"
IF(n=2)THEN
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WRITE (4,"(//, 1 X,a,4X,I2,8X,I2,8X,a, 10X,a,/)")&
’’Fuel Id",fuelld( 1 ),fiielld(2),fuelld(3), "T", "F"

ELSE IF(n=3)THEN 
WRITE (4,"(//, lX,a,4X,I2,8X,I2,8X,I2,8X,a, 10X,a,/)")&

"Fuel Id",fuelld(l ),fuelId(2),fuelId(3),"T","F"
ELSE

WRITE (4,"(//, 1 X,a,4X,I2,8X,I2,8X,I2,8X,I2,8X,a, 10X,a,/)")&
"Fuel Id",fuelld( 1 ),fiielld(2),fuelld(3 ),fiielld(4), "T", "F"

END IF
DO i = l,SIZE(results,l)

IF(n=2)THEN
WRITE(4,"(10X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)")results(i,:)

ELSE IF(n=3)THEN
WRITE (4,"(10X,f6.3,4X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)")results(i,:)

ELSE
WRITE (4,"(10X,f6.3,4X,f6.3,4X,f6.3,4X,f6.3,4X,f6.2,4X,f6.3)")results(i,:) 

END IF 
END DO 

END IF

! write time and date
WRITE(4,"(//,a,I2,a,I2,4X,I2,a,I2,a,I4)")&

"File created at: ",values(5),":",values(6),values(3),7",values(2),"/",values(l) 
ENDFILE 4

END SUBROUTINE Wfile 

END MODULE vle io
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H.3.4 Fuel parameter module 

MODULE fueldata

IMPLICIT NONE

REAL ::fdata(l 1,14)
CHARACTER(LEN=6):: words(4)
CHARACTER(LEN=18):: names(ll)

CONTAINS

SUBROUTINE data_load() 

fdata = 0.0

!Load fuel data (Wagner coefficients, MOSCED parameters, critical pressure 
! and temperture data taken from;
! Reid. R.C., Prausnitz, J.M., and Poling, B.E.
! The Properties of Liquids and Gases (4th Edition)
! McGraw-Hill, 1987.)

IISOOCTANE
fdata(l 1) = -7.38890 !Column 1 =
fdata(l 2) = 1.25294 IColumn 2 =
fdata(l 3) = -3.16604 IColumn 3 =
fdata(l 4) = -2.22001 ! Column 4 =
fdata(l 5) = 544.0 IColumn 5 =
fdata(l 6) = 25.7 IColumn 6 =
fdata(l 7) = 0.6900 IColumn 7 =
fdata(l 8) = 114.23 IColumn 8 =
fdata(l 9) = 165.1 IColumn 9 =
fdata(l 10) = 7.84 IColumn 10 =
fdata(l 11) = 0.0 IColumn 11 =
fdata(l 12) = 1.0 IColumn 12 =
fdata(l 13) = 0.0 IColumn 13 =
fdata(l 14) = 0.0 IColumn 14 =

Wagner coefficient A 
Wagner coefficient B 
Wagner coefficient C 
Wagner coefficient D 
Critical temperature (K) 
Critical pressure (bars) 
Relative density at STP 
Molecular weight 
Liquid molar volume 
: Dispersion parameter 
= Polar parameter 
= Induction parameter 
= Acidity parameter 
: Basicity parameter

IISO-PENTANE
fdata(2,l) = -7.12727
fdata(2,2) = 1.38996
fdata(2,3) = -2.54302
fdata(2,4) = -2.45657
fdata(2,5) = 460.4
fdata(2,6) = 33.9
fdata(2,7) = 0.6200
fdata(2,8) = 72.15
fdata(2,9) = 116.4
fdata(2,10) = 7.43
fdata(2,ll) = 0.0
fdata(2,12) = 0.0
fdata(2,13) = 0.0
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fdata(2,14) = 0.0 

1NONANE
fdata(3,l) =-8.24480 
fdata(3,2) = 1.57885 
fdata(3,3) =-4.38155 
fdata(3,4) =-4.04412 
fdata(3,5) = 594.6 
fdata(3,6) = 22.9 
fdata(3,7) = 0.7180 
fdata(3,8) = 128.26 
fdata(3,9) = 178.7 
fdata(3,10) = 8.00 
fdata(3,l 1) = 0.0 
fdata(3,12) = 1.0 
fdata(3,13) = 0.0 
fdata(3,14) = 0.0

1METHANOL
fdata(4,l) = -8.54796
fdata(4,2) = 0.76982
fdata(4,3) = -3.10850
fdata(4,4) = 1.54481
fdata(4,5) = 512.6
fdata(4,6) = 80.9
fdata(4,7) = 0.793
fdata(4,8) = 32.042
fdata(4,9) = 40.5
fdata(4,10) = 7.14
fdata(4,ll) = 2.55
fdata(4,12) = 1.0
fdata(4,13) = 7.45
fdata(4,14) = 7.45

!2,3-BUTANEDIONE
fdata(5,l) = 9.2926 !Calculated by M.H.D from published experimental data 
fdata(5,2) = -37.9302 ICalculated by M.H.D from published experimental data 
fdata(5,3) = 49.5745 ICalculated by M.H.D from published experimental data 
fdata(5,4) = -96.9654 ICalculated by M.H.D from published experimental data 
fdata(5,5) = 545.52 ICalculated by M.H.D (Ambrose Method) 
fdata(5,6) = 46.88 ICalculated by M.H.D (Ambrose Method) 
fdata(5,7) =0.981 !Acros catalogue value
fdata(5,8) = 86.09 !Acros catalogue value
fdata(5,9) = 87.76 ICalculated by M.H.D from densitity and molecular weight
fdata(5,10) = 7.77 ILinear interpolation of data in Barton [1983]
fdata(5,ll) = 5.05 IFittedby M.H.D. to published experimental data
fdata(5,12) = 0.77 IFitted by M.H.D. to published experimental data
fdata(5,13) = 0.0 lEstimated values (Acidity)
fdata(5,14) = 0.0 lEstimated values (Basidity)

13-PENTANONE 
fdata(6,l) =-7.70542

337



MULTICOMPONENT MIXTURES

fdata(6,2) = 1.44422 
fdata(6,3) =-3.60173 
fdata(6,4) =-2.88141 
fdata(6,5) = 561.0 
fdata(6,6) = 37.3 
fdata(6,7) = 0.8160 
fdata(6,8) = 86.134 
fdata(6,9) = 105.8 
fdata(6,10) = 7.86 
fdata(6,ll) = 2.77 
fdata(6,12) = 1.0 
fdata(6,13) = 0.0 
fdata(6,14) = 3.43

1BENZENE 
fdata(7,1) =-6.98273 
fdata(7,2) = 1.33213 
fdata(7,3) =-2.62863 
fdata(7,4) =-3.33399 
fdata(7,5) = 562.2 
fdata(7,6) = 48.9 
fdata(7,7) = 0.879 
fdata(7,8) = 78.11 
fdata(7,9) = 89.1 
fdata(7,10) = 8.49 
fdata(7,l 1) = 1.95 
fdata(7,12) = 0.9 
fdata(7,13) = 0.22 
fdata(7,14) = 0.56

ITOLUENE 
fdata(8,l) =-7.28607 
fdata(8,2) = 1.38091 
fdata(8,3) =-2.83433 
fdata(8,4) =-2.79168 
fdata(8,5) = 591.8 
fdata(8,6) =41.0 
fdata(8,7) = 0.866 
fdata(8,8) = 92.14 
fdata(8,9) = 106.3 
fdata(8,10) = 8.45 
fdata(8,l 1) = 1.56 
fdata(8,12) = 0.90 
fdata(8,13) = 0.15 
fdata(8,14) = 1.60

IMETHYLCYCLOHEXANE 
fdata(9,l) =-7.01915 
fdata(9,2) = 1.09615 
fdata(9,3) =-2.37009 
fdata(9,4) =-3.37562 
fdata(9,5) = 572.2
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MULTICOMPONENT MIXTURES

fdata(9,6) = 34.7 
fdata(9,7) = 0.774 
fdata(9,8) = 98.189 
fdata(9,9) = 124.4 
fdata(9,10) = 8.19 
fdata(9,l 1) = 0.0 
fdata(9,12) = 1.0 
fdata(9,13) = 0.0 
fdata(9,14) = 0.0

!n-HEPTANE 
fdata(10,l) =-7.67468 
fdata(10,2) = 1.37068 
fdata(10,3) =-3.53620 
fdata(10,4) =-3.20243 
fdata(10,5) = 540.3 
fdata(10,6) = 27.4 
fdata(10,7) = 0.684 
fdata(10,8) = 100.205 
fdata(10,9) = 146.6 
fdata(10,10) = 7.81 
fdata(10,ll) = 0.0 
fdata(10,12) = 1.0 
fdata(10,13) = 0.0 
fdata(10,14) = 0.0

IBUTANONE 
fdata(l 1,1) =-7.71476 
fdata(l 1,2) = 1.71061 
fdata(l 1,3) =-3.68770 
fdata(l 1,4) =-0.75169 
fdata(l 1,5) = 536.8 
fdata(ll,6) = 42.1 
fdata(ll,7) = 0.805 
fdata(ll,8) = 72.107 
fdata(ll,9) = 89.6 
fdata(l 1,10) = 7.71 
fdata(ll,l 1) = 3.25 
fdata(ll,12) = 1.0 
fdata(ll,13) = 0.0 
fdata(ll,14) = 4.05

words(l) = "first" 
words(2) = "second" 
words(3) = "third" 
words(4) = "fourth"

names(l) = "iso-Octane" 
names(2) = "iso-Pentane" 
names(3) = "n-Nonane" 
names(4) = "Methanol" 
names(5) = "Biacetyl"
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MULTICOMPONENT MIXTURES

names(6) = "3-Pentanone" 
names(7) = "Benzene” 
names(8) = "Toluene" 
names(9) = "Methylcyclohexane" 
names(lO) = ”n-Heptane" 
names(l 1) = "Butanone"

END SUBROUTINE datajoad

END MODULE fueldata
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Appendix I

Calculation of Injected Fuel Mass

This appendix details the calculation of the approximate injected fuel 

mass for injection pressures of 100 bar and 50 bar.

1.1 Calculations

The nozzle flow rate of a plain-orifice pressure-swirl atomiser is 

governed by the relationship (adapted from Lefebvre [1989])

mL = C d.Ae. ( 2 p L.*PLT 5 (1.1)

where

mL is the liquid flow rate, kg /s;
Cd is the discharge coefficient;
Ae is the effective discharge area of the nozzle, m2;
p L is liquid density, kg / m3;
APL is the differential injection pressure across the nozzle, Pa.

Assuming that the effective discharge area of the nozzle and discharge 

coefficient may be regarded as constant then Eq. (1.1) may be arranged to give

c *-A * - - ^ k r  (L2)

The volume flow rate for the experimental injector was given by the 

manufacturers to be 12.5 cm3 / s at an injection pressure of lOOBar. Assigning 

a value of 750.0 kg /m3 to gasoline (Bosch [1993] quote specific densities in 

the range of 0.72 -  0.78 for gasoline at STP) we can solve for Cd.Ae at 100 

bar.

(12.5 xlO~6)x 750 = 7 6 9 x lQ~8m2
(2 x 750 x (99 x 10 ))
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The injected fuel mass is given by the mass flow rate multiplied by the 

injection duration. Therefore, at 100 bar we have

mm = (12.5 x lO^jx  750 x (1.6 x 10"3) = 1.50xl0_5£g 

= 15.0 mg

At 50 bar we have

m50 = (7.69 x 10“8) x [2 x 750 x (49 x 105)]°5 x (2.4 x 10"3) = 1.58 x 1 O’5 kg 

= 15.8 mg

1.2 References

Bosch [1993]: Automotive Handbook (3rd Edition), Robert Bosch GmbH, Stuttgart. 

Lefebvre, A. H [19891: Atomization and Sprays, Taylor and Francis, Levitown, PA.
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Appendix J

Data Processing Macros

This appendix presents the Excel macro scripts used for the processing 

of the author’s raw LabView channel data.

J.l Available Macro Scripts

The author’s data processing procedure incorporates six macro 

routines. Data processing is initiated by calling the macro ProcessData. This 

macro calls the remaining macro scripts in turn. The first macro called, 

Extract2Cycle, divides the continuous data file received from Excel into 

separate engine cycles. One worksheet is opened per cycle. The Raw2Scaled 

routine scales the raw data as per the channel instrument calibrations, mean 

cycle values are calculated at this time. The macro CycleSummary writes 

these mean values to a separate worksheet and determines the state of the 

camera gate at the image acquisition time for each cycle. The subroutine 

Islmage is called for this purpose. Finally, the routine ValidCycle validates the 

processed data against the selection criteria detailed in §6.4 of the main text. 

Cycles meeting the selection criteria are listed to a separate worksheet.

J.2 Macro Code

Sub ProcessDataO
Call Extract2Cycle 
Call Raw2Scaled 
Call CycleSummary 
Call ValidCycle 

End Sub

Private Sub Extract2Cycle()
'Variable declarations 

Dim i As Long

ActiveSheet.Name = "Raw Data"
For i = 0 To 90

Worksheets("Raw Data"). Activate
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Worksheets("Raw Data").Range(Cells((i * 720) + 1, 1), 
Cells((i * 720) + 720, 8)).Copy

Sheets.Add
ActiveSheet.Name = "Raw " & (i + 1) 
ActiveSheet.RangeC'Al ").PasteSpecial xlValues 

Next i

Application.DisplayAlerts = False 
Worksheets("Raw Data").Delete 
Application.DisplayAlerts = True 

End Sub

Private Sub Raw2Scaled()
Dim i As Long 
Dim SI As String

For i = 1 To 91 
SI = "Raw " & i 
Worksheets(S 1). Activate 
ActiveSheet.Name = "Raw"
Sheets.Add
ActiveSheet.Name = "Scaled " & i 

'Cylinder Pressure (Bars)
Range("A3: A722") = "=((Raw!Al- 

(Raw!$A$ 180))/(10* 15*0.00 l))+(AVERAGE(Raw!$F$l :$F$720)* 15.0255)"
Range("A3 :A722").Copy
Range("A3: A722").PasteSpecial xlValues
Range("A724") = ”=(Max(A3:A722))"

'Manifold Pressure (Bars)
Range("B3 :B722") = "=Raw!Fl* 15.0255"
Range("B3 :B722").Copy
Range("B3 :B722").PasteSpecial xlValues
Range("B724") = "=(AVERAGE(B3:B722))" 'Cyclemean Value 

'Air/Fuel Ratio
Range("C3:C722") = "=((2.3957*POWER(Raw!Cl,4)) - (20.728*POWER(Raw!Cl,3)) 

+(66.658*POWER(Raw!C 1,2))-(90.725*Raw!C 1 )+52.629)"
Range("C3 :C722").Copy
Range("C3 :C722").PasteSpecial xlValues
Range("C724") = "=(AVERAGE(C3 :C722))" 'Cycle mean Value

'Air Mass Flow Rate (g/s)
Range("D3:D722") = ”=(-0.0004*POWER(Raw!El,4) + 0.0128*POWER(Raw!El,3) - 

0.1484*POWER(Raw!E 1,2) + 0.9399*Raw!El + 0.4723)"
Range("D3 :D722").Copy
Range("D3 :D722").PasteSpecial xlValues
Range("D724") = "=(AVERAGE(D3 :D722))" 'Cycle mean Value

'Head Temperature (K)
Range("E3 :E722") = "=Raw!Gl*100 + 0.0"
Range("E3 :E722").Copy
Range("E3 :E722").PasteSpecial xlValues
Range("E724") = "=(AVERAGE(E3 :E722))" 'Cycle mean Value

'Centre Injector Temperature (K)
Range("F3 :F722") = "=Raw!Dl*100 - 1.50"
Range("F3 :F722").Copy
Range("F3 :F722").PasteSpecial xlValues
Range("F724") = "=(AVERAGE(F3 :F722))" 'Cycle mean Value
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'Side Injector Temperature (K)
Range("G3:G722") = "=Raw!Bl*100 - 0.10" 
Range("G3 :G722").Copy 
Range("G3 :G722").PasteSpecial xlValues 
Range("G724") = "=(AVERAGE(G3:G722))" 

'Camera Gate (V)
Range("H3 :H722") = "=Raw!Hl"
Range("H3 :H722").Copy
Range("H3 :H722").PasteSpecial xlValues
Range("H724") = "=(AVERAGE(H3 :H722))"

'Column and unit names
Range("Al") = "Cyl. Pressure"
Range("A2", "B2") = "(Bar)"
RangeC'Bl") = "Manifold Pressure" 
Range("Cl") = "AFR"
Range("Dl") = "Air Flow Rate"
Range("D2") = "(g/s)"
Range("El'') = "Head Temp(l)"
Range("Fl") = "Head Temp(2)"
Range("Gl") = "Inj. Temp"
Range("Hl") = "Camera Gate" 
Range("E2,F2,G2") = "(Deg. C)" 
Range("H2") = "(V)"
Range("A725") = "Peak"
Range("B725 :H725") = "Mean"

'Format scaled results 
Cells. Select
Selection.Columns.AutoFit 
With Selection

.HorizontalAlignment = xlCenter 

.VerticalAlignment = xlBottom 

.WrapText = False 

.Orientation = 0 

.ShrinkToFit = False 

.MergeCells = False 
End With

Columns("A:D").Select 
Selection.NumberFormat = "0.000" 
Columns("E :H"). Select 
Selection.NumberFormat = "0.00"

Application.DisplayAlerts = False 
Worksheets("Raw").Delete 
Application.DisplayAlerts = True

Next i

End Sub

'Cycle mean Value

'Cycle mean Value
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Private Sub CycleSummaryQ

Dim i As Integer 
Dim SI As String

Sheets.Add Before:=Worksheets("Scaled 1") 
ActiveSheet.Name = "Summary"

For i = 1 To 91

SI = "Scaled " & i 
Worksheets(S 1). Activate 
Range("A724:H724").Copy 
Worksheets("Summary").Activate 
Cells(i + 2, l).PasteSpecial xlValues

Next i

'Check camera gate condition at acquisition angle 
Call Islmage

'Column and unit names 
Range("Al") = "Peak Pressure"
Range("A2", "B2") = "(Bar)"
Range("Bl") = "Mean MAP"
Range("Cl") = "Mean AFR"
RangeO'Dl") = "Mean Air Flow"
Range("D2") = "(g/s)"
Range("El") = "Mean Block Temp"
Range("Fl") = "Mean Head Temp"
RangeO'Gl") = "Mean Inj. Temp"
Range("Hl") = "Mean Gate"
Range("H") = "Imaging"
Range("E2,F2,G2") = "(K)"
Range("H2") = "(V)"

Cells. Select
Selection.Columns.AutoFit 
With Selection

.HorizontalAlignment = xlCenter 

.VerticaLAlignment = xlBottom 

.WrapText = False 

.Orientation = 0 

.ShrinkToFit = False 

.MergeCells = False 
End With

Columns("A:D").Select 
Selection.NumberFormat = "0.00" 
Columns("E :H"). Select 
Selection.NumberFormat = "0.0"

End Sub
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Private Sub ValidCycIeQ

Worksheets.Add after:=Worksheets("Summary")
ActiveSheet.Name = "Valid Image List"
Cells(l, 1) = "Image #"
Cells(l, 2) = "Cycle #"

Worksheets("Summary").Activate

Image = 0 
Cycle = 0 
Valid = 0

For i = 3 To 93
Varl = Cells(i, 9).Value 
If Varl = "Y" Then

'Set Image number & cycle number 
Image = Image + 1 
Cycle = i - 2

'Highligh imaging cycle 
Rows(i). Select 
With Selection.Interior 

.Colorlndex = 6 

.Pattern = xlSolid 
End With

'Check against nominal values of MAP, block temp and Air flow 
If Cells(i, 2) <= 0.57 Or Cells(i, 2) >= 0.63 Then 'MAP +- 5%

Rows(i). Select 
With Selection.Interior 

.Colorlndex =14  

.Pattern = xlSolid 
End With 

End If

If Cells(i, 4) <= 1.7 Or Cells(i, 4) >= 1.8 Then ’Air Flow +- 3%
Rows(i). Select 
With Selection.Interior 

.Colorlndex = 14 

.Pattern = xlSolid 
End With 

End If

If Cells(i, 5) <= 46# Or Cells(i, 5) >= 54# Then ’Block temperature +- 8% 
Rows(i). Select 
With Selection.Interior 

.Colorlndex =14  

.Pattern = xlSolid 
End With 

End If

'Check for combustion using blowby criterion
If i > 3 Then
cyl = "Scaled " & (i - 3)
Worksheets(cyl).Activate 

If Cells(505, 1)< 1.012 Then
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Worksheets("Summary").Activate 
Rows(i). Select 
With Selection.Interior 

.Colorlndex =14  

.Pattern = xlSolid 
End With 

End If 
End If
Worksheets("Summary").Activate

'No two consecutive cycles allowed 
If Cells(i + 1,9) = "Y" And Cells(i + 2,9) = T  Then 

Set myUnion = Union(Rows(i), Rows(i +1),  Rows(i + 2)) 
myUnion.Select 
With Selection.Interior 

.Colorlndex = 14 

.Pattern = xlSolid 
End With 
i = i + 2

Elself Cells(i + 1 , 9 )  = "Y" Then 
Set myUnion = Union(Rows(i), Rows(i + 1)) 
myUnion.Select 
With Selection.Interior 

.Colorlndex = 14 

.Pattern = xlSolid 
End With 
i = i + 1 

End If

Var2 = Rows(i).Interior .Colorlndex 
If Var2 = 6 Then 'Valid image cycle 

Valid = Valid + 1
Worksheets("Valid Image List").Activate 
Cells(Valid + 1, 1) = Image 
Cells(Valid + 1 , 2 )  = Cycle 
Worksheets("Summary").Activate 

End If 
End If 

Next i

End Sub

Private Sub IsImageO
'Identify cycles where camera gate is open at time of acquisition 

Dim i As Integer

myName = ActiveWorkbook.Name 
Cl = Left(myName, 3)
For i = 1 To 91 

SI = "Scaled " & i 
Worksheets(S 1). Activate 
Check = Cells(Cl - 358, 8)
Worksheets("Summary"). Activate
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If Check < 0.45 Then 
Cells(i + 2, 9) = "Y" 

Else
Cells(i + 2, 9) = "N" 

End If

Next i

End Sub
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