Development of an Optical Facility for an Investigation
into the E ect of Fuel Additives on Diesel Sprays

Priyesh Patel
Department of Mechanical Engineering
University College London

A thesis submitted for the degree of
Doctor of Philosophy
2013

I, Priyesh Patel, con rm that work presented in this thesis is my own. Where
information has been derived from other sources, I con rm that this has been
indicated in the thesis.

Declaration of the contribution to knowledge this thesis claims:

This PhD can claim the process to produce an innovative optically accessible high temperature, high pressure facility for the observation of fuel additive
a ects on the diesel spray formation process as a contribution to knowledge.
Relevant existing knowledge on optical facilities has been collated, reviewed,
critically appraised and presented in a way not seen in the existing knowledgebase. This review is designed to be bene cial to those that will also require a
similar facility, and will serve in the knowledge-base as a guide of the limitations of current facility designs and why these designs were inadequate for the
type of investigation carried out for this thesis. As this was the case, a design
that addresses the reviewed facilities limitations and that is also tailored for this
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detail is sucient enough for reviewers of the thesis to replicate the produced
facility and also understand each step in its operation and also understand the
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Abstract
Environmental legislation has pressured fuel and automotive industries to alter
their technologies for compliance. Changes made to a fuel to achieve compliance
can push speci c fuel qualities, such as lubricity, to a level away from that required by the automotive engine, creating a fuel/engine requirement gap. Use of
fuel additives o er an economical route to bridge the gap, however, their e ects
on stages of the diesel combustion process is not yet fully understood owing to
measurement diculty. Greater understanding of additive e ects requires precision control of operational test conditions with the ability to apply high delity
measurement techniques. To enable this a high pressure, high temperature optical facility was developed which allows for the acquisition of large data-sets of
spray parameters for a more accurate study of the e ect fuel additives have on
the diesel combustion process. For facility commissioning, tests on diesel fuel
sprays into elevated pressure and temperature environments were carried out,
with data obtained from high speed backlight illuminated imaging. Macroscopic
spray measurements such as penetration length and spreading areas of the sprays
were performed, so that e ects of ambient pressure and temperature on these
parameters could be identi ed and discussed. From the tests, injector opening
times were a main cause of variability in the observed characteristics which were
taken into account in the study. Following commissioning, a systematic study
was carried out using combustion improving and detergent additives for the rst
time, where low and high concentrations were tested. Similar behaviours in penetration lengths for each of the additives tested were seen, however no statistical
con dence could be applied to the observation as the penetration lengths of the
additised fuels for the tested back pressures, since these values did not shift from
the base fuels' measured data by a magnitude greater than the experimental error. Penetrating spray area data variance was large, and changes due to additives
were unidenti able. To further clarify, laser droplet sizing was employed at atmospheric conditions to identify whether additives cause changes in microscopic
measurements of the spray. The tests showed no change in the droplets' Sauter
Mean Diameters (SMD) were observed due to additives. The study carried out
clearly indicates that the additives added in the tested concentrations did not
change the statistically determined transient parameters of diesel sprays.
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Chapter 1
Introduction
Despite the fuel additive industries low pro le in the public mind, fuel additives
are economically and environmentally vital for all modern cars, and are a permanent chemical tool used by re ners for market di erentiation, compliance and
performance purposes. They are considered to impact overall performance and
emissions of diesel internal combustion engines, however there has been a lack of
understanding into the e ect additives have within the various stages of the combustion process. The diesel combustion process can be conceptually broken into
four sub-stages; atomization; evaporation & mixing; ignition; and combustion.
It is important to bear in mind that diesel combustion is more than simply the
sum of all its parts and these parts cannot be described as entirely simultaneous,
sequential or interacting in the temporal and spatial sense. However, looking at
the diesel spray combustion process in entirety makes full understanding of the
parameters involved and their e ects dicult to subsume. Therefore, splitting
the process into these four conceptual parts facilitates study and understanding.
As a step by step study is warranted, it was the aim of this project to enable
the investigation of the additive e ects on each. To achieve this fundamental
study a new optically accessible high pressure, high temperature chamber has
been carefully designed and built in order to carry out measurements on reacting
and non-reacting fuel sprays. The initial results on additives produced from
this facility focus on non-combusting diesel fuel sprays and the surface tension
modifying detergent type additives, however the produced facility is capable of
studying a wide range of combustion phenomena.

1

1.1 Background on additives

1.1 Background on additives
Additives are supplied to oil companies or re ners in tailored packages containing
a combination of individually functioning or synergistic chemicals which are used
in various areas of the fuel delivery and combustion system. Processes in a spray
combustion system are dependent on the eciency of the hardware which can
fail over time and therefore various fuel additives have been developed to help
maintain combustion system performance, whilst also improving fuel quality and
combustion characteristics. Numerous reviews regarding the current market status, usage and future directions of automotive fuel additives have been carried
out by Danilov (1990, 1992, 2001) and more recently by Karpov (2007) and the
reader is referred to these for an in-depth view of various additives and their functions. Reproduced from Danilovs reviews are tables 1.1 (Danilov, 2001) & 1.2
(Danilov, 1992). Table 1.1 (Danilov, 2001) lists the di erent additives available
for gasoline and diesel fuels and their many indispensable functions. Table 1.2
(Danilov, 1992) shows the challenges the additive industry has had to respond to
in the past, which have driven research and development directions. The main
challenges shown in the table, which also identi es e ects of these challenges on
the industry and the additives concerned, are identi ed as being: i) the more
thorough processing of crude oil, as for example, governments have legislated on
re ner wastage and the sulphur content permissable in fuels; ii) advancements
in engine and component systems, for example, new emission reduction devices
which catalysts are poisoned by speci c existing elements within fuel; iii) changes
in known ecological requirements which, for example, have required alternative
chemicals or strategies to be found to carry out similar additive functions. Actual
overall e ects of most the mentioned additives on diesel engines are described in
the next section.
1.1.1 Integrated additive e ects on diesel combustion

Additive e ects on the overall energy output of the combustion process within engines are fairly well researched. This is in part down to the development of black
box style single cylinder research engines coupled with thermocouple, pressure,
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3

Increase octane number of gasoline
Increase cetane number of diesel
Increase oxidative stability of gasoline during storage
Increase chemical stability of diesel during storage
Gives resistance to biological contamination
Improve low-temperature properties of diesel fuels
Prevent icing of choke valve
Reduce diesel engine exhaust gas smoke content
Improve combustion of gasoline and diesel
Maintain optimum engine operation by decreasing formation of carbon and deposits
Increase operating life of fuel system on low sulfur diesel
Accelerate running-in of engines during manufacture
Marking fuels for various purposes

Table 1.1: Various additive types and function (Danilov, 2001).

Anti-knock compounds
Ignition promoters
Antioxidants
Complex stabilisers
Biocides
Depressants & wax dispersants
De-icers
Smoke suppressants
Combustion catalysts
Detergents
Anti-wear additives
Anti-scu additives
Dyes

Additive type Additive function

1.1 Background on additives
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Depressant
Anti-wear
Anti-wear
Antismoke
Combustion catalyst
Antioxidant-stabilizer
Ignition promoter
Detergent, stabilizer

Table 1.2: Types of additives and their development over the last two decades (Danilov, 1992).

Elimination of toxic lead additives in gasoline Increased wear of engine parts
Anti-wear
Reduction of smoke level and exhaust gas tox- Elimination of barium-containing additives Detergent, antismoke, combustion caticity
from fuel
alyst, anti-deposition

Ecological requirements:

Development of gasoline engines with direct Increased deposits in intake and injection sys- Detergent, Anti-deposition
fuel injection
tem
Poisoning of catalysts by heavy metals present Additives with catalyst poison removed
in fuel and oil additives
Use of catalytic converters on vehicles
Plugging of particulate traps
Soot combustion promoter

Advances in the eld of engine and vehicle design:

Harmful e ect on low-temperature properties
of fuel
Increased engine wear
Increased fuel system wear (in certain cases)
Increased smoke level of exhaust gas
Inclusion of higher end point fractions in com- Poorer engine economy
mercial fuels
Increased sediment formation in storage of fuel
Below-optimum cetane numbers
Inclusion of products from thermo-catalytic Increased deposition on engine parts
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More thorough processing of crude oil:

Factors determining directions of fuel In uence on fuel quality indexes and Type of additive developed
additive development
engine operation

1.1 Background on additives

1.1 Background on additives
and other sensors used to obtain instantaneous and life-time usage data of additive e ects on the in-cylinder combustion pressure history, engine power/torque
output, fuel consumption, and emissions. Moreover, reports from vehicle eet operators in di erent locations normally provide much useful information regarding
additive e ectiveness over high mileage or long term use.
Typically, only combustion catalyst, anti-knock and ignition promoting additives are added to purposely alter the in-cylinder combustion event predominantly
through reaction kinetics. Conversely, additives such as anti-wear additives, detergents and depressants/dispersants are not intentionally used to alter combustion but instead maintain and increase engine performance through their e ects
on eciencies in the diesel fuel delivery system. For example, an anti-wear additive will play a role in reducing friction and wear as fuel

ows through the

fuel pump, therefore reducing power losses in systems outside the engine cylinder. Another pertinent example involves the use of detergent additives to reduce
deposit formation in injector nozzles. Nozzle deposit formation altering nozzle
geometry is an increasingly current problem as nozzle sizes have signi cantly reduced to aid the atomisation processes to such an extent, that deposit buildup
can result in engine power reductions as has been investigated by Birgel et al.
(2011). To combat deposit buildup, detergents, polar compounds that bind to
and wash away deposits have been identi ed as an important tool, although optical investigations into pre-existing e ects detergents may have on spray formation
from current diesel injectors, or even other sub-parts of the combustion process
is an avenue yet to be thoroughly explored. Current extents to the knowledge of
additive e ects in these sub-parts are discussed in the following section.

1.1.2 Additive e ects on diesel combustion sub-processes
Of the additives that are actively designed to have an e ect on the combustion
process, principally meaning ignition and combustion improvers, the mechanisms
through which they act are understood to a higher level than the e ect other
additives may have in the cylinder. Fundamentally this level of understanding
can be attributed to the scale and manner in which these additives' main e ect
is measured, i.e. through current and commonly used in-cylinder sensors and
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emission measurement devices, which can pick up events that through chemical
and energy balance equations can be attributed to the known changes in the fuel
chemistry.

Figure 1.1: Graph showing after the SOI, energy is absorbed to vaporize the injected fuel

quantity. A long ignition delay, as the diagram indicates, requires a larger quantity of fuel to
be injected and adds to the overall combustion time (Kamimoto & Kobayashi, 1991).
For example,

gure 1.1 (Kamimoto & Kobayashi, 1991) shows the two stage

heat release rate gure typically calculated from a pressure trace obtained during
the combustion event in a diesel internal combustion engine cylinder, with the
preceding ignition delay identi ed from the start of fuel injection to the steep
pressure rise where ignition begins. Ignition of a fuel is dependent on two distinct processes, one of a physical nature and the other of a chemical nature. The
physical process is principally atomization and the time it takes for sucient
evaporation and mixing. In gure 1.1, the fuel injection, atomization and vaporization event can be identi ed by the slight fall in heat release rate to become
negative, which occurs as energy is used to vaporise the spray. Once the spray
is suciently vaporised and mixed with the in-cylinder air/charge, the chemical
processes such as the elementary reaction kinetics, rate coecients and reaction
products (Miller et al. (2005); Glarborg (2007); Pilling (2008)) dominate as shown
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by the sudden rise in heat release in gure 1.1. From the gure, it is identi able
that the chemical kinetics quickly become prominent and as a result, determination of additive e ects on in-cylinder chemical kinetics/processes is possible.
However, from the gure, which is normally obtained using single cylinder research engines, it is impossible to observe or determine the e ect of additives
on the physical processes or monitor their spatial e ects within the cylinder and
therefore optical test rigs and interrogation techniques are required.
Innospec Inc. the company with which this project is conducted in collaboration with has con rmed that additives impart a physical e ect onto fuel properties. For example detergent type additive chemicals theoretically have the e ect
of lowering surface tension to a value which can be calculated through assumptions but not directly measured due to the sensitivity required of instruments to
measure such small changes and also due to the varying multi-component nature
of diesel fuel. Regardless, basic spray theory as de ned by various researchers,
but most notably Lefebvre (1989a), tells us surface tension has a role to play in
droplet and spray formation. The e ect of surface tension is often described as
marginal relative to other spray and droplet formation parameters such as viscosity and the liquids momentum, and therefore is often neglected from study.
Furthermore, measurement of the e ect of additives in sprays has been found to
be practically dicult due to measurement diculties relating to inherent variability in the fuel delivery systems (e.g. cyclic pump driven injection pressure
uctuations) (Yule et al., 1998). With this in mind, it is therefore important
that this new project seeks to produce an experimental setup which aims to limit
experimental variability as far as possible, so that small scale additive e ects on
the in-cylinder combustion process can be veri ed and understood.

1.2 Scope of the facility designed to observe diesel
combustion sub-processes
In order to enable the study of the fuel and air mixing process of diesel engines,
several types of optical rigs have been used with every rig having its own inherent
advantages and disadvantages as recently reviewed by Baert et al. (2009). Piston
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based rigs, include single cylinder research engines or rapid compression machines
which incorporate carefully selected optical access in limited locations to view the
combustion process (Desantes et al., 2009; Espey et al., 1994). Non-piston based
rigs tend to consist of pressure vessels with highly customised optical access. The
vessel itself is normally either heated to achieve engine like test conditions (Myong et al., 2006) or alternatively the vessel is lled with a combustible mixture
which is ignited to cause a rapid pressure and temperature increase (Baert et al.,
2009; Siebers, 1998). For both these types of rig, signi cant setup and operational complexity and costs are implied for the achievement of high pressure and
temperature engine like conditions for spray and combustion studies. For the
non-piston based rigs especially, health and safety considerations are extremely
important as the mechanical stress exerted by combustion cannot be transferred
to piston motion, and thermal stresses on the vessel materials due to the retention
of high energy gases always need to be taken in to account. However, in terms of
carrying out fundamental optical studies of the combustion process in IC engines
from injection onward, the non-piston based rigs allow easy management of a
great variety of experimental test conditions.
Although the above makes a reasoned case for the use of non-piston based
in fundamental studies of diesel combustion, it is important to screen the rigs
seen in the literature for their suitability of application in this thesis. The rigs
studied in the literature are primarily used to make observations on diesel sprays
which are subjected to conditions or fuels which will bring about large scale
changes that are more readily detectable by diagnostic techniques and broad
comparative trends can be identi ed. Further to this, the time it takes these rigs
to achieve their set-point test conditions, often means repeat experiments are low
in number and therefore the actual experimental error owing to the rig itself is
often unde ned. For this thesis, where additives are added in such small quantities
that perturbations to the fuel spray are likely to be small, understanding of
the magnitude of the experimental error due to the rig is vital so that no false
signi cance will be given the results.
As a result, for this thesis there is a requirement for a new rig to address
these issues, and therefore a novel high pressure and temperature optical chamber
has been constructed at University College London (UCL). The chamber has

8

1.3 Aims and Objectives
been designed to be versatile, economical and simple in terms of construction
and operation on the basis that a large variety of test conditions are able to
investigated and repeated with both short initial set-up times and waiting times
between the achievement of consecutive test conditions. This has the added bonus
of making better use of the shared instrument pool diagnostic equipment so that
more high quality data can be obtained within the amount of allocated equipment
time.

1.3 Aims and Objectives
The main aim of this thesis was driven by the desire to assess the e ect fuel
additives have on the diesel spray combustion process. Individually, di erent
fuel additives and the diesel spray combustion process each represent extremely
broad and complex elds to navigate and many methods of assessment could be
applied for the study of many variables. As this work was not a continuation that
builds upon any previous study and is entirely new, a direct route to achieve these
desires was not highly de ned at the start of this project. Therefore, the open
objective of establishing a suitable program of research for the principle aim of
investigating the e ect of additives on diesel spray combustion processes remained
as a necessary step of this work. Despite these initial open and broad aims and
objectives that existed due to the newness of this work, one certainty was that
a facility was required to be designed, developed, installed and commissioned to
enable the key aim to be met, and this facility would represent a key component
of this work.
To summarise, the key objectives were de ned as:
 Establish a suitable program of research by reviewing the literature on diesel

spray combustion and diagnostic techniques, fuel additives, and the design
of experimental research facilities to guide
 Design and commission a suitable test rig facility that enables con dent,

reliable, and economical measurements of a range of combustion parameters

9

1.4 Thesis layout


Evaluate and use the commissioned facility to identify additive e ects in
the diesel spray formation process

1.4 Thesis layout
In order to elucidate the current understanding of diesel combustion and sprays
and to provide a context for this project, Chapter 2 provides a background of the
wider research eld. The chapter also includes the common optical interrogation
methods used to study diesel sprays as well as research results and conclusions,
all of which were used to help mold decisions regarding the methodology used for
research in the project. In similar vein, Chapter 3 gives a detailed overview of
the di erent types of experimental facilities that exist for optical diesel spray and
combustion research, which were studied to identify previous design considerations and aws in design which can be learnt from to enable the design of a new
facility. This new facility and all its instrumentation, ancillary control and acquisition features as put together for this project are then presented and described
in this same chapter. Chapter 4, then goes on to describe the geometric characterisation of transient diesel sprays with the rst successful operational run of the
rig. This characterisation of diesel sprays is also used to demonstrate the capabilities of the rig and alongside the purposely coded image processing algorithm and
analysis methods. Finally experiments, results and conclusions of an investigation into the e ect of additives on certain spray penetration lengths and droplet
sizing is presented and discussed in chapter 5. Chapter 6, then concludes and
summarises the thesis, whilst also providing recommendations for future work.
The appendix presents the development of an on demand droplet generator used
to determine additive e ects on the formation and size of a single droplet. Despite
early promise, reduction in variability of the device became an issue, however following the manufacture of a second prototype, a sample data-set of results using
detergent additives was obtained before further re nement and characterisation
of the device was abandoned. This work is presented in Appendix 1.
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Chapter 2
Literature Review
High eciency, low fuel consumption and reduced CO 2 emissions have made
diesel a preferable choice for the automotive transport industries. Yet with ongoing legislation and environmental concern, there is still further need to reduce
particulate and NOx emissions from diesel engines, and it is this that has been
driving changes in diesel engine technology within the last decade.
Research aiding advances has been conducted with laser and optical diagnostic methods which themselves have undergone development in the e ort to
obtain meaningful data of the observable diesel combustion event. The bene cial
outcomes of these endeavors has been recently highlighted with the development
of a more coherent conceptual model of diesel combustion than what was previously advocated by modelers, and this model has since become widely tested
and accepted (Dec, 1997). The evolution of research that led up to this model is
correspondingly discussed in section 2.1.
In order to propose a new conceptual model of diesel combustion, of course
fundamental diesel spray formation theory, as a sub-part of the diesel combustion process, underwent a corresponding revolution in conceptual modeling and
theory over the past two decades and the reader is directed to read the references
Lefebvre (1989b), Yule & Salters (1995) and Birouk (2009) to see how current
understanding has developed over the past two decades. Due to the importance
of these optical diagnostic techniques for the selective obtainment of key interpretable data, an overview of a select few and their speci c applications to diesel
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sprays will be discussed in this chapter. After this, the measurements, observations and

ndings from the literature pertaining to diesel sprays is reviewed and

analysed.

2.1 Evolution of Diesel Combustion Research
One pathway which can hasten the pace of development and change in any

eld

is the development of computational models. However, in comparison to steady
spray combustion systems such as gas turbines or burners, direct injection diesel
combustion has proved to be extremely dicult to model for the numerous variables listed:
i Diesel combustion is unsteady and occurs intermittently.
ii Surface fuel impingement can play a signi cant role in the process.
iii Turbulence in the gaseous environment near the injector is produced, and
the e ect is exasperated as engine bore sizes get smaller.
iv Spray

ow is 3-dimensional.

v Diesel fuel has a complex multi-component chemistry
vi Related to the unsteady/cyclic combustion process is the need for diesel
fuel ignition characteristics to be considered for various high temperature
and high pressure environments. The timing of the combustion process is
a factor of injection timing, and the fuel speci c ignition delay.
vii Finally, whilst di usion

ame is the dominant behaviour of the system, it is

thought that two phase combustion may also occur, where portions of the
fuel/air mixture may be burning in another mode depending on the mixing
processes e ectiveness.
These many complex variables for the diesel engine are also put into context
in relation to other spray combustion systems in
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Figure 2.1: Types of spray combustion systems (Faeth, 1977).

13

2.1 Evolution of Diesel Combustion Research

2.1.1 Early Spray Jet Model

Conceptual models or descriptions of combustion processes are used to aid the interpretation of experimental data, create numerical models, and in uence engine
design; therefore an accurate depiction is paramount if a route for the reduction
of NOx & soot emissions, improved performance or lower fuel consumption is to
be identi ed. In the 1970s, researchers faced with limited computational power
for modeling and non-de nitive experimental techniques developed a picture of
how diesel combustion proceeds based on studies of steady spray combustion systems such as furnaces or gas turbines. Figure 2.1 reproduced from Faeth (1977)
illustrates the variety of spray combustion systems and it is apparent that the
number of variables that require consideration for a highly transient diesel engine
exceed all other systems, and this would have inherent diculties for modelers
using the early computational processors available at the time.
A review of the hypothetical models used by researchers at the time was conducted by Faeth (1977) and gure 2.2 shows an early illustration of the general
consensus model of the time. Faeth (1977) states that the starting transient and
the end transient of the fuel injection process were ignored, as were wall interactions and only the quasi-steady middle phase of combustion was considered.
This was done in order to treat the combusting fuel spray in a diesel engine as
an analogue to the other spray combustion systems seen in gure 2.1. For the
majority of these systems the liquid-phase jet exists with progressively decreasing fuel concentrations around its periphery and combustion occurs as di usion
ame, forming a sheath around the periphery of a jet spray, which is thought to
be fed in one of two ways:
i the sheath ame is fed by fuel vapour from a cluster of vaporising droplets
at the spray boundary, as seen in the inset image of gure 2.2, therefore
forming a single sheath around the vapour.
ii the observed ame is actually occurring around individual burning droplets
which give the appearance of a sheath.
There was some debate at the time over whether the di usion ame zone
existed as a sheath ame around a collection of droplets or as a collection of

14

2.1 Evolution of Diesel Combustion Research

Figure 2.2:

Schematic representation of a co-axial spray di usion ame (Faeth, 1977).

individual droplet

ames.

However

gure 2.2 still served as a representation of

the varied understanding of the time as it

t limited data available and was often

used to discuss and model potential sources of emissions (Dec, 1997).
Aside from this description of the quasi-steady portion of diesel combustion,
researchers at the time also considered that auto-ignition occurred in a premix
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zone and the premixed burn occurred in regions where the equivalence ratios were
near or very slightly rich of stoichiometric. As a result, soot production from
the premixed burn was wrongly considered negligible as soot formation could
not result from mixing with the insuciently hot

1000 K in-cylinder charge.

Instead, a temperature of 1300 K was required (Glassman, 1988), and this could
only be provided by the heat from combustion which was thought to occur at a
signi cant distance from the fuel rich centre, where the right mixture conditions
are achieved. As such temperatures are only achieved in the combustion zone and
thus

gure 2.2 logically shows soot forming on the fuel rich side of the di usion

ame.
From these early models, three important characteristics can be seen:
i The liquid phase fuel, consisting of the ligament jet which subsequently
breaks up into fuel droplets, penetrates far away from the injector. Penetration occurs to such an extent that fuel droplets are present within the
combustion zone. The combustion zone exists as a di usion ame, which is
occurring as a sheath around the vaporizing collection of droplets or each
droplet combusts with individual
ii Di usion
periphery.

ames.

ame describes the combustion mode and is isolated to the jet
The premix burn occurs as an isolated event only after the

ignition delay.
iii Soot occurs on the fuel rich side of the di usion

ame, thus appearing to

encapsulate jet.
Due to these characteristics guiding researchers thinking at the time, numerous investigations into droplet combustion (individual and sheath) were carried
out and timely reviews and updates on the status of such research were published by Faeth (1977); Williams (1973), and Law (1982). While such reviews are
still relevant to other spray combusting systems, recent literature has shown that
many of the early assumptions of droplet burning are false for diesel combustion
using current engine technologies.
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Figure 2.3: Transient sequence of a combusting diesel spray (Flynn et al., 1999).
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Figure 2.4:

Sandia conceptual image of a combusting diesel spray (Flynn et al., 1999).

2.1.2 Recent diesel spray combustion model

Over the past two decades various persistently re ned diagnostic techniques have
been applied to direct injection (DI) diesel combustion via a variety of optically
accessible engines, rapid compression machines, and constant volume test chambers. Through utilization of modern laser techniques it quickly became apparent
that the early combustion model was inaccurate as soot was discovered in the
central region of the jet, at some distance from the di usion ame sheath periphery Dec et al. (1991). Following this discovery, Dec et al. (1991) carried out
further studies to determine the distribution of liquid fuel soot, and soot particle
size. Data from these laser based studies yielded the following information that
does not entirely support the three characteristics of the early diesel combustion
model mentioned above:
i Soot is distributed throughout the cross section of the downstream portion
of a reacting diesel jet.
ii No liquid fuel droplets were visible in the combusting jet in either the up-
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stream or downstream regions of the imaged zone.

Subsequent work by

Espey et al. (1994) found that beyond 27mm from the injector the fuel had
entirely vaporized and the main combustion zone of the engine in which
experiments were carried out corresponded to this region.
iii Soot particles in the upstream portion of the combusting jet are smaller
and their concentration increases at the jets head vortex. This suggests
soot formation starting in the upstream portion, with particle formation
and growth continuing as the soot moves down the jet.
Dec (1997) managed to put together a new conceptual model of DI diesel
combustion as presented in

gures 2.3 and 2.4 showing early

ame development

and quasi-steady combustion respectively. A diesel engine would typically incorporate 5-8 spray

ames per cylinder, each being similar to

gures 2.3 and 2.4,

therefore, it is important to note that the model assumes no spray impingement
onto walls or interactions between the jets.
The initial concept was developed taking into account measurements at typical near top dead centre (TDC) conditions representative of diesel engines at the
time (Temperature = 1000 K; Gas density = 17 kg/m 3 , injection pressure = 86
MPa, injection time = 12 o C before top dead centre (BTDC)). Figure 2.3 shows
a transient sequence initiating with fuel injection and progressing past an initial
premix burn into the start of quasi-steady combustion after about 10 crank angle
degrees after the start of injection (SOI). This transient period can be described
as the ignition delay. Immediately after SOI and initial penetration, some fuel
vaporizes and mixes with in-cylinder air. Depending on ambient temperature,
ignition quality of the fuel, level of fuel atomization i.e. droplet size and velocity,
the jet may achieve its full liquid length/penetration and initiate mixture formation beyond its tip, or alternatively produce a mixture of air and fuel vapour
around the liquid length perimeter prior to ignition. This mixture reacts in what
Dec (1997) terms the initial premixed burn, which is a di erent event to the
premixed reaction/burn under quasi-steady conditions described later. Rather,

initial premixed burn refers to the reaction occurring in the wake of the ignition
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delay, which occurs with a di erent composition (equivalence ratio) and temperature to the mixture reacting in the later premix burn resulting in di erent soot
levels being produced.
Figure 2.4 shows the liquid fuel leaving the injector as a cone jet spray shown
by the purple region. The spray entrains hot in-cylinder air which induces fuel
vaporization and results in a fuel vapour/air mix sheath layer along the jets sides.
Modern injectors use high pressures to increase the level of atomization, thus it
is thought that droplet size is not the restricting the evaporation rate of the fuel,
but rather the rate of energy transported into the jet (i.e. hot air entrainment)
is. Details of the liquid fuel injection are presented in further detail in section
2.3.
A di usion ame depicted by the orange line, surrounds the entire downstream
region after the liquid penetration and extends up towards the tip of the liquid
penetration, stopping at a xed distance from the nozzle. This distance is shown
in gure 2.4 as the lift o length. The di usion ame is located where the fuel/air
mixture is stoichiometric around the jet perimeter. Near the nozzle due to the
velocity of the jet, there is limited time available for reactions to occur in the
fuel/air mix, thus the ame stops progressing further upstream. Downstream
of the ame lift-o location, where the di usion ame begins, the combustion
products from the di usion ame are being entrained into the jet as opposed
to fresh in-cylinder gas. As a result the di usion ame can be seen to pinch
o at this region. The di usion ame e ectively encapsulates the jet, therefore
restricting air entrainment into the jet and limiting the available non-reacted
oxygen to that which already lies within its boundaries. Therefore, the di usion
ame neither progresses upstream or downstream of the lift-o length, but rather
remains in a quasi-steady state after being established. Under the conditions
used to establish the model, Espey et al. (1994) found the equivalence ratios at
the region between the liquid length tip and start of the vapour phase to be in
the range of 2-4. Thus a rich premixed mixture is seen to exist and shown by
the light blue line in gure 2.4. With additional heating, this premixed region
begins to react, resulting in a partial fuel burn and exothermic energy release,
increasing temperatures within the jet. After this initial incomplete reaction of
the rich premix, the products move downstream, entraining combustion products
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as it travels, and nally di uses towards the encapsulating di usion ame where
oxygen is constantly being entrained. The ratio of fuel to oxidizer (mixture
fraction) decreases progressively downstream and radially, as products from the
di usion

ame are mixed with fuel. From

gure 2.4 it can be seen that the

ame has a conical shape. This is due to the stoichiometric mixture fraction
location growing in the radial direction as axial distance from the nozzle increases.
The ame eventually becomes enclosed in the axial direction where the mixture
fraction is suciently low. The length along the axis where the mixture fraction
is stoichiometric is termed the ame length, and under quasi-steady conditions,
the heat release rate reaches its maximum when the

ame length is reached.

Essentially the ame encapsulated region of the combusting jet can be visualized
as a control volume into which fuel and entrained air are transported at the same
rate the products are exiting. It is only after the ame length has been achieved
(during the quasi-steady period) that the control volume remains a xed size.

Figure 2.5:

Schematic of diesel jet near the injector nozzle showing the potential relative
locations of the ame lift-o length and liquid length under two di erent operating conditions
(Siebers & Higgins, 2001).

21

2.2 Optical diagnostic techniques

Figure 2.5 taken from Tree & Svensson (2007) shows the upstream portion of
two diesel combustion ames under di erent operating conditions. The schematic
on the left is representative of conditions seen in diesel engines in the 1980s to early
1990s: gas density = 23kg/m 3 ; temperature = 1100 K; ori ce diameter = 250 m,
pressure drop across ori ce = 40 MPa. With these conditions the liquid length
penetrates well into the lift o length, with a large portion of the vaporizing fuel
existing within the ame sheath. The schematic on the right represent conditions
seen in current diesel engines; gas density = 20 kg/m 3 ; temperature = 1000
K; ori ce diameter = 100 m; pressure drop across ori ce = 200 MPa. The
signi cantly smaller ori ce and large injection pressure shorten the liquid length
signi cantly, which will be discussed in more detail in section 2.3.

2.2 Optical diagnostic techniques
The application of optical techniques to study diesel sprays in the literature is
abundant, however the dense nature of the diesel spray core creates many issues,
such as strong light attenuation which need to be accounted for. The techniques
of importance to the literature survey that follows and of signi cance to this
project will be discussed below.
2.2.1 Backlight Illumination, Shadowgraph and Schlieren
Imaging

Backlight illumination is perhaps one of the earliest used and simplest optical
setups which can be applied to study fuel sprays. Modern setups utilise digital
photography and a high intensity back light source/ ash which is collimated for
the case of shadowgraph imaging to produce line of sight path integrated images
of the spray in view. Schlieren imaging is similar in setup to the shadowgraph
technique except a knife-edge is placed at the focal point of the camera, blocking half the collimated light source used to illuminate the spray thus making the
technique sensitive to the rst derivative to density. The light rays then refract in
proportion to the refractive index of the medium through which is passes. If the
mediums refractive index is inhomogeneous caused for example by turbulence,
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then the light passing through will refract by varying amounts. The resulting
e ect is a set of lighter and darker regions which correspond to di ering density gradients in the

ow

eld, which allows for

ow visualization with a higher

contrast than the shadowgraph technique. Due to this higher contrast, schlieren
imaging is preferentially used in spray characterisation as it enables the outer
boundary of the vapour phase of the fuel to be more easily identi ed.
These techniques have commonly been used to investigate the length of the
penetrating tip of diesel sprays (recent articles include: Azimov & Kim (2008);
Desantes et al. (2005b, 2009); Klein-Douwel et al. (2007); Myong et al. (2004).
Caution is usually applied when gathering information on spray cone angle, spray
angle and liquid length penetration from line of sight techniques such as shadowgraph as obscuration or blurring can occur in the images due to the non-uniform
spray density or an overlong camera exposure time. The above referenced papers all employ some sort of image processing to discriminate the spray contour
from the background. Images are often time averaged, or a sequence of images is
built up from single shots and the assumption is made that the injection event
is very reproducible. The approach makes it dicult to study irregular transient
phenomena such as any inherent injector limitation in the injection reproducibility, or any short-lived dynamic phenomena that occur during spray penetration.
These phenomena can a ect penetration velocity and subsequently spray angle
and have been shown to exist via high speed digital shadowgraphy imaging using
modern camera systems (Klein-Douwel et al., 2007; Kostas et al., 2009).

2.2.2 Mie Scattering
Mie scattering is normally applied to diesel sprays as a tomographic technique
and provides a large amount of detail into the structure of dense sprays if judiciously applied under well controllable conditions. The Mie technique relies on
the detection of the elastically scattered light that occurs when incident light
interacts with particles that are similar in size or greater than the incident lights
wavelength. Thus the technique is highly dependent on the morphology and size
of the particle, with the signal being proportional to the frontal area of the object
encountered (or the square of the particle diameter) ("LAVision", 2013). In the
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case of diesel sprays, an intense amount of Mie scatter is generated by the sprays
liquid phase, i.e. the bulk liquid ligament that extends from the nozzle on injection and the subsequently produced droplets. As a result of this intense scatter
from the liquid phase, the Mie technique is preferentially used to determine the
overall liquid length or liquid phase penetration of a diesel spray and to di erentiate this phase from the vapour phase particularly in evaporating conditions.
The light scattered from particles is usually collected by a charge-coupled device
(charge-coupled device (CCD)) camera perpendicular to the laser sheet path.
Mie scattering is most commonly used in a thick sheet form to investigate liquid penetration lengths as only weak laser excitation is necessary (frequency doubled 532nm Nd:YAG laser). (Espey & Dec, 1995; Higgins et al., 1999; MartinezMartinez et al., 2008; Myong et al., 2006; Naber & Siebers, 1996; Siebers, 1998).
For the denser regions of diesel sprays a pulsed laser is preferably used over
a continuous one as it can produce a higher power beam to account for the
attenuation that occurs in dense sprays.

However, the technique has proven

unsuitable for gaining information of the actual breakup structure within the
denser portion of the spray due to the intensity of the scatter causing a saturation
in this zone for any detection system such as a CCD camera.
For vapour phase imaging using the Mie scattering principle, strong excitation
can be used to image tracer droplets seeded into the vapour phase. This would
allow for simultaneous liquid and vapour phase visualization although scattering at the liquid-vapour boundary can be very intense and overlap. The seeded
tracer, is usually of a high-boiling point so that it exists in the diesel vapour in
the form of micro-droplets after the diesel fuel has evaporated. Issues commonly
dealt with for Mie scattering in the references listed above often relate to the unwanted widening of the illuminated region and the attenuation of the illuminating
intensity as the sheet crosses the spray due to the e ects of forward scattering.

2.2.3 Planar laser/laser-induced uorescence (PLIF/LIF)
Laser induced

ourescence (laser induced

uoresence (LIF)) is a single point

technique that enables qualitative, liquid or vapour mass, or volume fraction distribution measurements to be performed in an evaporating diesel spray for each
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laser pulse.

Planar-laser induced

uorescence (planar laser induced

uoresence

(PLIF)) essentially turns the laser beam used for the LIF technique into a sheet,
enabling mass and volume fraction distributions to be obtained as a 2-D planar
image captured on a CCD camera.
density measurements an intensi

For speci

c species concentration/number

ed CCD (ICCD) camera may be used.

The

technique relies on a laser exciting molecules to a higher energy state, causing
them to

uoresce and subsequently emit a photon in order to return to a lower

energy state.

The emitted photon is desired to be at a di

erent wavelength to

the excitation source so detection can occur without interference from the energy
source.

The photon is detected via a photomultiplier tube in the case of LIF

or a CCD imaging device.

Unfortunately quenching can occur, which is the re-

sult of energy loss of the molecules by a pathway other than

uorescence. These

pathways include dissociation, inter-molecular collisions, ionization, chemical reactions, or transitions to unmonitored molecular energy states (Balachandran,
2005).
LIF techniques have also been applied to diesel sprays in order to conduct
quantitative temperature measurements.
with temperature sensitive
2007). In this case the

uorescent tracers such as Rhodamine B (Wol

et al.,

uorescence intensity is proportional to the excited light

intensity and the concentration of the
due to the oxygen quenching e

uorescent dye. However, errors can occur

ects. To overcome this, two-colour LIF techniques

have been developed which use two
that vary di

This is carried out by doping a fuel

uorescent dyes with emission intensities

erently with temperature (Yongfeng

et al.,

2007).

Alternatively a

single tracer can be selected and two spectral bands for which the temperature
sensitivity is strongly di

erent is used and this technique is commonly referred to

as two-line LIF in the literature. The bene

ts of this is that the

uorescence signal

measured on two spectral bands depends only on temperature and is independent
of the concentration of the added tracer, probe volume dimensions, laser intensity
and optical layout (Bruchhausen

et al.,

2006).

PLIF has also been combined with Mie simultaneously to obtain diesel spray
droplet diameters (Jermy & Greenhalgh, 2000; Stojkovic & Sick, 2001), whereby
the ratio of the signal from the laser sheet techniques Mie and LIF has been shown
to provide relative sauter mean diameter (SMD) distributions.
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has various bene ts and disadvantages in relation to the most common drop sizing technique, phase Doppler anemometry (phase Doppler anemometry (PDA))
(described later). A principle di erence between the two techniques relates to the
fact that the combined PLIF/Mie technique is a 2D spatial imaging technique
that can capture a snapshot of the whole spray at a discrete moment in time
after the start of injection, whilst PDA is a single point measurement technique,
that captures data for a single location within the spray, but for its entire duration. In summary, in order to build up a description of the ensemble spray, the
PDA technique requires spatial scanning of di erent points throughout the spray,
whilst the PLIF technique requires temporal scanning of the spray, with images
captured at di erent times within the sprays life time.
In terms of actual measurement time, each technique has its own inherent time
consuming activities, although there are still further reasons for which PDA is
generally favoured for diesel droplet sizing and spray characterisation, especially
those relating to calibration. The PDA technique itself requires no calibration in
order to obtain droplet sizes, however, calibration is required for application of the
PLIF technique if quantitative data is required as the temperature and pressure
dependent uorescent characteristics of the tracer needs to be accounted for.
Moreover, by adding the tracer to the base fuel, the changes to the physical fuel
properties such as surface tension, viscosity, and density, that can a ect spray
formation are unknown and will add further unwanted variables in this study on
the e ect of fuel additives on the spray formation (Pastor et al., 2002).

2.2.4 Planer laser/Laser induced exciplex uorescence
(PLIEF/LIEF)
Laser Induced Exciplex Fluorescence (LIEF) is one of the only laser diagnostic
techniques that enables 2D imaging and di erentiation of the liquid and vapour
phases of fuel sprays. The technique relies upon a molecule to be excited to a
higher electronic state by a laser source of a speci cally tuned excitation wavelength. As the molecule achieves this higher electronic state a spontaneous light
photon emission occurs, and it is this emission that is normally detected in conventional LIF techniques. Prior to the photon emission, the molecule to be excited
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(usually termed the monomer, M before excitation and M* after excitation, where
the asterix denotes an excited molecule) can take part in a chemical reaction with
another molecule in the system. This chemical reaction upon which LIEF is based
is shown in equation 2.1:

M +G$E




(2.1)

Where G is the ground state exciplex forming reaction partner molecule and
E* is the exciplex (short for excited state complex). The exciplex is stable only
when in the electronically higher/excited state, and if both molecules are in the
ground state the exciplex cannot be formed. To return to its ground state the
exciplex emits a

uorescent photon as shown in the dissociation reaction presented

in equation 2.2:

E ! G + M + hv


Due to the binding energy of the reaction, the

(2.2)
uorescence frequency of the ex-

ciplex relative to the excited monomer is signi cantly red shifted and the emission
from each excited molecule can be detected separately through appropriate optical

lters. The exciplex forming reaction only takes place if the excited monomer

M reacts with G within its excited lifetime. In the liquid phase the molecular
density is higher and the mean free path of molecules is lower when compared to
the gas phase, therefore conditions for exciplex formation is more favorable. Furthermore the liquid phase fuel is slightly polar which serves to stabilize the polar
excited-state complex (Styron

et al.,

2000). To increase exciplex formation rate

the ground state reaction partner G is usually provided in excess concentrations,
and the exciplex

uorescence is used to monitor the liquid phase. The likelihood

of exciplex formation in the vapor phase is signi cantly low, thus allowing the
excited monomer M  to be used to monitor the vapour phase. Ideally the

uores-

cence emitted from the vapour and liquid phases should be suciently separated
to allow (with calibration of their measured

uorescence intensities) calculation

of the 2D number-density or mass-density distributions of the liquid and vapour.
However in reality problems exist such as:
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i poor co-evaporation between the tracers and the base fuel.

ii the existence of overlap between the liquid and vapour phase

uorescence

spectra (cross talk).

iii the vapour and liquid phase

uorescence intensity is signi

cantly dependent

on temperature.

iv the liquid phase signals need to be calibrated to account for alterations due
to optically dense sprays.

v presence of oxygen a

ects

uorescence due to collisional quenching.

Therefore for quantitative results to be obtained from LIEF signals, the spectral properties of all the fuel components and tracers are required to be known.
Also the liquid phase exciplex and vapor phase monomer

uorescence dependency

on temperature is needed to be known in order calibrate and quantify the signals
and to address the cross talk issue between the two phases.

Finally a gas such

as nitrogen needs to be used in experiments to avoid the quenching e

ect, which

inevitably limits the technique to spray structure, fuel evaporation and liquid/gas
phase distribution studies. PLIEF/LIEF techniques have been applied to diesel
sprays to obtain simultaneous imagining of both the vapour and liquid phases
(Bruneaux, 2001). Semi-quantitative measurements such as relative gas and liquid concentrations can be taken. The technique is also the most useful technique
in terms of visualizing the dense spray structure and has led to a hypothesised
spray structure (Yeom

et al.,

2002).

2.2.5 Rayleigh Scattering
Rayleigh scattering is an elastic scattering technique, thus no energy is exchanged
between the incident lasers photons and the particles/molecules they interact with
in its path.

As a result the scattered light is of the same wavelength as that of

the incident laser wavelength.

For Rayleigh scattering to occur, the molecules

causing the scattering need to have a diameter signi
cident lights wavelength.

cantly smaller than the in-

Where the molecules are much larger, Mie scattering

occurs, thus large particles such as liquid fuel droplets or soot can interfere with
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the Rayleigh signal obtained from gaseous phase molecules. Therefore the technique is unable to be used where the liquid phase of the spray is dense or has a
strong presence. A positive aspect of the technique is that the Rayleigh signal
has a simple linear dependence on the molecular number density, which makes
quantitative measurements easy to obtain and no complex calibration procedures
are necessary. As a result, the technique has been applied to diesel sprays, most
notably by Espey et al. (1997), who used it to obtain a good approximation of the
relative fuel concentration and of the equivalence ratio in the combustion region
vapour phase of the spray.

2.2.6 Liquid Droplet Sizing by Phase Doppler Anemometry (PDA)
Phase Doppler measurements allow for the sizing of droplets alongside their velocity and therefore PDA is seen as an extension of Laser Doppler Velocimetry
(laser doppler velocimetry (LDV)). As the setup is similar, a description of LDV
will initiate a description of the PDA setup. PDA and LDV relies on a source of
monochromatic, collimated, coherent laser light passing through a series of transmitting optics to generate a series of light and dark fringes within a tiny volume.
In this 'fringe model', the fringe spacing is dependent on the known wavelength
of light and the measured half angle from the lens focal point to the light rays
radial point of entry to the lens (Ladommatos & Zhao, 2001). Thus lenses with
di erent focal lengths give di erent fringe space sizes. Any droplet that traverses
this fringe volume creates a scattered light signal as it passes a bright fringe
and no scattering occurs as it passes a dark fringe. Therefore a scattered light
intensity pattern is produced that

uctuates with a frequency related to the par-

ticle velocity. This frequency is termed the Doppler frequency, since the Doppler
e ect is the physics behind the process. As the fringe distance is known, and
the time taken for a droplet to traverse one fringe to another can be calculated
from the inverse of the signal frequency, the droplet velocity can be determined.
The scattered light produced is collected and focused onto a multimode

ber and

transmitted to a photomultiplier tube (PMT). The PMT converts the light

ux

into an ampli ed electrical voltage which varies with the Doppler burst, and it
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is the frequency of this signal that is subsequently analyzed to determine droplet
velocity.

In the scenario so far, the fringe pattern is stationary as the two in-

cident laser beams are of the same frequency.

From a stationary pattern only

velocity magnitude can be deduced and no directionality can be assumed, i.e.
whether the droplet is moving in a negative or positive

ow direction. Therefore

LDV/PDA systems contain a Bragg cell to frequency shift one of the two laser
beams by 40MHz, creating a fringe pattern that moves at the same frequency.
Any droplet now traversing the fringe volume will now convey direction information as they display a frequency above or below 40MHz. To summarize, a droplet
moving with a direction opposing the fringes will have a frequency of 40MHz plus
the Doppler frequency. Inversely, a droplet moving with a direction akin to the
fringes will have a frequency of 40MHz minus the Doppler frequency. A further
bene

t is that the velocities of droplets with near zero velocities and therefore

very low Doppler frequencies can still be measured.

The description so far de-

scribes the setup needed for Laser Doppler Velocimetry (LDV), where only one
PMT is needed. For accurate droplet sizing, the setup is similar except that two,
and more commonly three detectors or PMTs are used at carefully selected light
collection angles. Only one detector is needed to obtain the temporal frequency
from scattered light. To calculate droplet size the spatial frequency of scattered
fringes is required.

To obtain this information a minimum of two detectors are

needed (TSI, 2005). The reasoning for this can be explained by ray interactions
with the droplet and the phase changes they go through.
with a droplet in three principle ways:

Light rays interact

i) incident droplet surface re

ection; ii)

internal droplet transmission or refraction, and iii) internal rear droplet surface
re

ection and refraction in a backward direction. Each of these interactions will

produce rays of scattered light that have undergone a characteristic phase change
depending on the droplet diameter and if one or more detectors are used at different angles the phase shift between the signals can be measured and related to
droplet size (Ladommatos & Zhao, 2001; TSI, 2005).
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2.2.7 Limitations of optical techniques

Whilst the optical techniques presented and discussed here are not without merit,
they can also be seen to each have limitations in their approachability to diesel
sprays speci cally. The use of the optical techniques must be considered with
careful regard as to what data is possible or strictly required to be measured
to prove any given hypothesis or gain a meaningful analysis. For example using backlight illumination to determine only the liquid phase penetration length
would lead to a awed analysis as the technique does not discern the liquid from
the vapour phase clearly. Another example is that there can be multiple techniques to measure a parameter such as droplet size, however, one technique may
come at a signi cant cost or time requirement in expense of the other, and may
achieve an abundance of results where the initial study does not warrant such an
abundance.
Therefore, following this review of optical techniques, it is possible to understand how the research on diesel sprays which was presented in the next section
(2.3), and combustion which is presented previously (2.1), has been conducted,
why speci c techniques have been used, and what the challenges were in conducting the research. Such knowledge helps to identify areas in the research where
genuine improvements in measurements can be made, on account of weighing up
the results obtained and the diculty of obtainment of the results and where a
di erent technique may be considered.
2.3 Diesel spray measurements literature review

The main parameters that govern the overall spray formation qualities and therefore the liquid length are shown in gure 2.6 and table 2.1. These parameters
can basically be grouped as being properties of three components of the injection
process: the injector, the fuel to be injected, and the ambient gas into which
injection occurs.
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Figure 2.6: Parameters in uencing spray atomisation and mixing.

Notation/Symbol De nition
f Fuel density (kg/m 3
f Fuel viscosity (mm2 /s)
f Fuel surface tension (dyn/cm)
Pf l Fuel liquid pressure (MPa)
Pf v Fuel vapour pressure (Pa)
do nozzle diameter (mm)
Vf Fuel velocity (m/s)
g Gas density (kg/m3 )
g Gas viscosity (mm2 /s)
Pg Gas pressure (MPa)
Vg Gas velocity (m/s)
Table 2.1: Key of parameters in uencing spray atomisation and mixing shown in gure 2.6.

2.3.1 Liquid length

It can be identi ed from the previous sections review on optical diagnostic techniques, that liquid length is of considerable importance to diesel fuel spray researchers and as a result has undergone signi cant study. A de nition of liquid
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length can be provided by quoting Siebers (1998):

"Summarizing, research has shown that liquid fuel initially de nes the penetrating tip of

a diesel spray. This continues until the liquid phase region penetrates to a point where
the total fuel evaporation rate in the spray equals the fuel injection rate. When this
condition occurs, the tip of the liquid region stops penetrating and begins uctuating
about a mean axial location (de ned as the liquid length). The energy for vaporizing
the fuel comes mainly from hot air entrained into the spray, and not energy released
by combustion. The location of the tip of the liquid phase fuel depends on injector
parameters, ambient gas conditions, and fuel properties. Fuel properties and ambient
gas temperature and density have a strong e ect on the liquid length, while injection
pressure seems to have little e ect."

Therefore, liquid length can be described as a relatively stable or non-transient
phenomena that sustains the diesel spray combustion after ignition. Due to this
sustaining role, the maximum liquid-phase fuel penetration (liquid length) in
diesel engines is of vital importance to characterize as it is a principle process in
control of the fuel/air mixing after ignition and can thereby a
combustion characteristics and emissions.

ect the proceeding

Furthermore, to also control engine

emissions and performance, the extent of liquid penetration into the cylinder
always needs to be considered with respect to the level of spray impingement onto
piston bowl surfaces or walls for any given engine bore size, operating condition
and speed.

Ambient gas density
Ambient gas temperature
Injection pressure
Ori
Ori

ce diameter

ce aspect ratio

Fuel temperature

3.3 - 60 kg/m

3

700 - 1300 K
40 - 190 MPa
100 - 500

m

2 - 8
375 - 440 K

Table 2.2: Test conditions simulated by (Siebers, 1998).
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In order to better understand these parameters controlling liquid length, the
magnitude of their e ects, and the mechanisms by which these parameters work, a
systematic set of experiments in a high temperature pressure vessel, over the range
of conditions shown in table 2.2 were performed by Siebers (1998). Mie scattering
and Schlieren images were used to determine quasi-steady liquid lengths and spray
spread angles respectively. From the table it can seen that cold-start conditions
(with temperatures less than 700 K) are not accounted for and it is assumed that
the description of a diesel spray that can be generated from Siebers (1998) paper
is meant to mainly apply to hot, large bore engines.
From the initial study it became apparent that the e ects of the ambient gas
density and temperature are more complex in reality as analysis needs to consider thermodynamic properties of the fuel, such as the temperature dependent
enthalpy of vaporization, saturation pressure, speci c heat capacity, liquid fuel
density and potentially the critical point properties. To complete the systematic
set of investigations, a more in-depth analysis was later undertaken in which a
scaling law based on physical and thermodynamic assumptions was developed.
The scaling law provided some clari cation on the e ects and inter-relationships
of some of the parameters seen in the experiments of the previous papers, as well
as some new

ndings on diesel spray evaporation, such as the fact that fuel vapor-

izes only through subcritical vaporization processes in a diesel engine (Siebers,
1999).
Despite revealing much detail of the physics involved in diesel sprays, the scaling law was limited as a universal liquid length prediction tool. The scaling law
could only be implemented for single component fuels as detailed state-dependent
property data was required. Higgins

et al.

(1999) carried out an alternative ap-

proach, where an engineering correlation was developed, which incorporated fuel
composition and fuel property e ects and had the further function of predicting
liquid lengths using derived or measured atmospheric fuel properties for a fuel of
unknown composition. As is the case for most models, it was deemed that if the
scaling laws and engineering correlation developed demonstrated a good correlation with observed measurements, then the underlying assumptions of physics
used to derive the laws were valid. However, any deviation would imply another
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unconsidered parameter had perhaps been overlooked and thus was in need of
research and implementation into these models.
The theoretical impact of the ndings of these studies is signi cant to this
thesis as they form a complete and up to date description of the liquid length
aspect of diesel sprays and the understood physics controlling the length. The
articles presented here, were in fact published almost simultaneously and refer to
each others ndings often; therefore the aim of the next sections is to combine
and present the ndings here in a coherent manner so that a holistic view of diesel
spray liquid length can be formed.

2.3.1.1

E ects of fuel injection system (FIS) on liquid length

The processes leading to the diesel combustion process begins at the injector
nozzle with the injection of fuel under pressure thus understanding the e ects of
nozzle diameter and injection pressures on atomisation and mixing has undergone signi cant research. Siebers (1998) initially investigated the e ect of ori ce
diameters on liquid length and found that liquid length decreases linearly with
ori ce diameter and approaches zero as the ori ce diameter approaches zero.
Subsequently, a large range of pressure drops across the ori ce was investigated
under a range of conditions. In this study, injection pressure increases were found
to have no e ect on liquid length. Under similar conditions in an optical engine,
the same trends have been seen and reported by Desantes et al. (2005b). This
nding is signi cant as it shows that an increase in fuel mass ow rate must cause
a proportional increase in the fuel evaporation rate, otherwise a change in liquid
length would and should occur. As a side note, in some cases a less than 7%
reduction in liquid length is seen with increasing pressure; interestingly however,
the spray spreading angle was seen to increase by 7% proportionally.

2.3.1.2

Mixing controlled vaporization:

From these initial ndings Siebers (1998) arrives at the conclusion that the rate
of vaporization in a diesel spray is not limited by the local inter-phase transport
rates of mass, momentum & energy processes that control droplet break-up and
evaporation, rather it is limited by the air entrainment via turbulent mixing
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processes. The mixing processes are determined by the turbulence generated by
the spray. This in turn controls the entrainment of high temperature air into
the spray and the overall transport and mixing of fuel and air throughout the
spray cross-section. This implies that the prior mentioned limit occurs rapidly in
comparison to the turbulent mixing rates. For this to occur complete atomization
must take place very near to the ori ce, and droplets reach dynamic equilibrium
with the surrounding gases so that no local velocity or temperature gradients exist
between the phases in the spray. Therefore droplet sizes must be so small that
atomization and droplet size is no longer a limitation in the subsequent physical
processes that lead up to combustion within the conditions tested. However the
rate at which 'energy' is entrained into the spray for heating and vaporization is
the limiting factor, where the term 'energy' describes the thermodynamic qualities
of the gas in terms of pressure and temperature into which the spray is being
injected.

2.3.1.3

Local-interphase transport controlled vaporization:

To further the case for vaporization limited by mixing, Siebers (1998) notes that
no signi cant reduction in droplet size is seen for the currently relevant high
injection pressures and small ori ce diameters used in the study. Experimental
investigations have shown that droplet size remains fairly uniform at increased
injection pressures or ori ce diameters of the magnitude used by Siebers (1998),
however droplet numbers may increase. If the two following assumptions are
made:
i local inter-phase transport processes at droplet surfaces are the limiting
process behind vaporization;
ii the amount of hot air/energy entrained is assumed to be sucient;
then little change in liquid length should be seen with ori ce diameter changes
and increasing injection pressures, as the droplet sizes remain constant. Increased
injection pressures bring about increased fuel velocities. Where droplet size is
thought to be limiting the vaporization times, the liquid length should be seen
to increase proportionally to the fuel velocity. If the lifetime of droplets within
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the spray is governed predominantly by the droplet size, then as the liquid length
penetrates faster into the cylinder it will reach further in a given amount of
time. However, experimental observations show that this is not the case and the
liquid length actually decreases proportionally to ori ce diameter, whilst injection
pressures have no e ect (Siebers, 1998). These observations imply that the two
assumptions made above are therefore false and should instead be:
i local inter-phase transport processes at droplet surfaces are sucient;
ii the amount of hot air/energy entrained is assumed to be insucient.

2.3.1.4

Temperature & gas density e ects

The range of ambient gas density and temperatures investigated by Siebers (1998)
showed that liquid length decreases as density and temperature increased with a
declining sensitivity as each parameter increased. This trend was especially strong
for gas density. Increasing temperatures result in the ambient gas to have more
energy, and when this energy is entrained into the spray, higher evaporation rates
are seen in the liquid fuel, which are represented as a shorter liquid length. As for
the e ect of gas density, increased gas densities simply enables more energy per
volume to be entrained, which causes a reduction in liquid length. Aside from
these

ndings, an increase in gas density can and was found to cause possible

increases in spray spreading angles as has been previously noted as a possibility
by many researchers Heywood (1998). An increase in the spray spreading causes
an increase in entrained energy which results in further liquid length reductions.
Desantes et al. (2005b) carried out a similar investigation to characterise liquid
lengths of diesel fuel at di erent ambient conditions, and presented the temporal
evolution of the spray penetration. From Desantes et al. (2005b) results', a very
slight reduction in spray penetration velocity was reported with an increase in
gas density, which may account for the wider spray angle and contribute to the
shorter liquid length.
Increasing fuel temperatures in the injector were found to cause a linear decrease in liquid length. E ective decreases in liquid lengths were measured to be

12% for a 60 K increase in fuel temperature.
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mixing controlled vaporization as less energy is required to heat and vaporize the
fuel, which shortens the spray length required to entrain energy. The e ect of
fuel temperatures was found to be less signi cant at high gas temperatures. This
could be due to a lower temperature gradient between the phases. The mechanisms through which gas density and temperature a ect liquid length are complex
as can be noted by the non-linear e ect mentioned previously. Therefore in an
e ort to understand these mechanisms, a scaling law based on a mixing limited
vapourisation process was developed by Siebers (1999) and this law becomes of
immense value in deciphering the trends mentioned here in more detail.
2.3.1.5

Siebers' scaling law for the determination of liquid lengths

Entrained gas (Pa , Ta , ρa)

(Pa , Tf , ρf)

x

Vaporization
complete (x=L)

Figure 2.7: Conceptual spray model (Siebers, 1999).

Figure 2.7 shows a schematic of the conceptual spray model used to create
the scaling law seen in equations 2.3 and 2.4. The ow is treated as locally
homogenous, and local inter-phase transport rates at droplet surfaces are fast
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compared to spray mixing processes. The further thermodynamic assumptions
were as follows:
i Fuel is surrounded by a saturated vapour phase.
ii Liquid phase fuel, vapour phase fuel and entrained ambient gas are at the
same temperature i.e. thermodynamic equilibrium.
iii Idealised phase equilibrium applies (Raoults and Daltons rules).
iv No gas adsorption at liquid phase surfaces occur.
v Recovery of kinetic energy in vaporizing region of spray is neglected.
Logically, energy entrainment rate is directly proportional to the ambient
gas entrainment rate which provides the energy. For liquid lengths to remain
constant despite an increasing mass ow (i.e. increasing injection pressure), then
by conservation of energy, the entrained air mass ow rate must increase in exact
proportion to vaporize the larger quantity of fuel. Siebers (1999) put forward
the following relationship for fuel injection rate and the entrained gas

ow rate,

which was derived by applying the conservation of mass & momentum principles
to a simple conceptual model for sprays:

m_ /  d2 U
f

o

(2.3)

f

m_ / p  d x U tan( 2 )
 is the ambient gas density,  is the fuel density, d
a

where:

f

a

f

o

a

o

(2.4)

f

f

o

is the ori ce

diameter, xo is the axial distance from the ori ce, U f is the injected fuel velocity,
and tan( 2 ) is the spray spreading angle. The two equations show the equations
for fuel mass ow rate and for entrained gas mass ow rate up to any axial
location in a spray. Constants and ori ce

ow coecients have been removed.

Equation 2.3 essentially states that the mass ow of fuel in the spray is equivalent
to the injected mass

ow rate. Equation 2.4 for entrained gas
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gas entrainment rate is proportional to the square root of gas density and has a
linear variation with ori ce diameter, axial location in the spray and injected fuel
velocity. The equations imply that where all other possible variables and terms
are xed, an increase in ori ce diameter will cause an increase in the fuel mass
ow rate proportional to the square of the ori ce diameter at any axial location,
but the entrained gas mass ow rate will only increase linearly. The result is a
linear increase in the liquid length needed to entrain enough hot air/energy to
vaporize the fuel, which was con rmed by the results Siebers (1999) obtained.

2.3.1.6

Adiabatic mixing & saturation

The scaling law was found to predict liquid lengths in close agreement with the
experimentally observed values (Siebers, 1999), which adds further weight to the
argument that vaporization in a diesel spray is limited by mixing processes. Also
the ve assumptions mentioned in section 2.3.1.5 used to develop the model are
appropriate and reveal a more detailed picture of the inner spray structure.
Dealing with the rst two assumptions, i.e. that the inner spray region is
saturated with vapour in thermodynamic equilibrium with the entrained gas, it
can be speculated that the only way to further increase the amount of liquid
fuel evaporation is to either heat the fuel further, or dilute the saturated vapour
with more entrained air. Further heating of the liquid fuel in a saturated vapour
environment gives more kinetic energy to enable fuel molecules to leave the droplet
surface. This shifts the equilibrium values or rather increases the saturated fuel
vapour pressure value allowing more fuel to evaporate. Similarly, transport of
fuel vapour away from liquid droplets and its replacement with air works to
create a partial vapour pressure, which is below the fuel saturation pressure, and
therefore more fuel is vaporized to bring the system back into thermodynamic
equilibrium. Entrainment of hot gas into the spray has the combined e ect of
heating the fuel and diluting the saturated vapour content, therefore when the
maximum entrainment possible is established, the vaporization rate is controlled
by the mixing.
The scaling law developed by Siebers (1998) assumes adiabatic mixing and
the model demonstrates a good correlation with the experimentally measured
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liquid lengths. This indirectly shows that the adiabatic saturation condition assumption that is occurring within the spray could be true. To directly prove and
quantify the adiabatic saturation condition assumed in Siebers (1999) model,
more experimental research is needed.

The model assumes a homogenous satu-

ration condition throughout the spray, but in reality such a spatial and temporal
homogeneity is unlikely. For an understanding of the saturation level throughout
the spray local droplet size distributions, fuel vapour concentration and temperature distributions are needed to be quanti

ed. Such data would help develop and

increase the accuracy of models such as those previously made by Siebers (1999)
and Desantes

2.3.1.7

et al.

(2009).

Energy Requirements

Mechanisms by which gas temperature e ect liquid length:
The speci

c enthalpy required to vaporize fuel increases as gas temperature or

density increases. The increase comes as consequence of the increase in

nal equi-

librium temperature of saturated fuel vapour and the nature of thermodynamic
fuel properties. The speci

c enthalpy required to change fuel state from liquid to

vapour is almost independent of the initial liquid phase pressure, and is higher
for a greater

nal saturated vapour temperature. At higher ambient gas temper-

atures, any entrained gas in the spray yields a higher speci
the e

ect of shortening liquid length.

c energy, which has

However, at higher gas temperatures the

equilibrium temperature of saturated vapour increases so that the energy needed
for vaporization increases, which implies liquid length needs to be extended to
entrain enough energy for vaporization. Thus we see a competing e
between the fuel properties and the speci

ect occurring

c energy content of the surrounding gas

and the liquid length is a result of the balance achieved, and the overall net e

ect

is a decrease in liquid length with increasing temperature.

Mechanisms by which gas density e ect liquid length:
The e

ect of gas density is also controlled by two competing mechanisms. Equa-

tion 2.4 demonstrates that as gas density increases so does entrained energy or
hot air into the spray. The increased gas density also a
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causing increased spreading angle which in turn further increases mass entrainment of energy, resulting in a shorter required liquid length to vaporize the fuel.
The competing mechanisms in this scenario are the increased equilibrium temperature and subsequent greater enthalpy of vaporization governed by the fuel
properties. Again akin to the e ect of ambient gas temperature, a balance between the two competing mechanisms is achieved and the net e ect is a reduction
in liquid length for increasing gas densities.

Lower order mechanisms:
Regarding the third assumption from the scaling law it became apparent that
non-ideal phase equilibrium e ects such as gas adsorption to the liquid phase fuel
may play a role at the highest gas density and lowest gas density and temperature conditions due to a deviation from the measured data. However, the e ect of
these phenomena on overall trends and in real terms is negligible. Finally, the no
kinetic energy recovery assumption holds true as liquid length shows no decrease
with increased fuel injection pressure i.e. increased kinetic energy.

2.3.1.8

Application of research ndings in current engine hardware &
current limitations

With the fuel injection system, and ambient gas e ects on liquid length mentioned
in the previous sections now well observed, the recent trend in automotive engineering has been to progressively reduce injector nozzle diameters and increase
injection pressures thereby reducing the liquid length, enhancing atomisation and
mixing, and consequently reducing soot emissions considerably. However, these
implemented technologies have also seen associated problems arise, such as parasitic losses e.g. at the fuel pump or via the blockage of nozzles, and an increased
cost in FIS equipment manufacture and maintenance. Furthermore, an increase
in injection pressure has been linked to higher NO x emissions. To counteract this,
the injection timing can be delayed to make use of the lower in-cylinder pressures
and temperatures to reduce the thermal NO x formation pathway, although this
comes at the expense of poorer fuel consumption and engine eciency. To achieve
an uncompromising reduction in both soot and NO x from a diesel engine, research
is focussing on strategies of multiple short injections which has the capability to
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accomplish the reduction, although currently the physical spray interactions of
close consecutive injections is not well understood (Pierpont & Reitz, 1995).

2.3.1.9

Fuel composition and fuel property e ects

Siebers (1998) investigated the e ect of fuel volatility on liquid length as many
researchers have commented on there being some form of relation for single component fuels i.e. that lower volatility results in a longer liquid length. Thus it can
be assumed that for lower volatility fuels, more energy is required to be entrained
to vaporize the liquid, which in turn requires a longer liquid length. Canaan et al.
(1998) investigated the e ect of liquid length on bi- and multi-component fuels
in conditions seen in heavy duty diesel engines and reported that the 50% boiling
point (T50) of these fuels had a linear correlation to liquid length. However,
Siebers (1998) found that as gas temperatures increase di erences between the
liquid lengths of single component fuels with varying fuel volatility decrease and
a more linear correlation is seen using the 90% boiling point (T90). He also reported that multi-component fuels only displayed similar liquid lengths to single
component fuels if the single component fuels boiling point was near the T90
boiling point of the multi-component fuel. This suggests that the less volatile
fractions control liquid length and a batch distillation type vaporization process
is occurring. This batch distillation type process, whereby fractions are seen to
vaporize in order of weight is a well described and researched phenomena. Diesel
fuel can contain lighter fractions consisting of aromatics and short chained hydrocarbons alongside heavier long chain hydrocarbons, and the distillation curve
shape may need to be considered. This is especially the case at cold-start conditions where droplet lifetimes are longer and strati cation of species occurs and
plays a role in soot formation.
Higgins et al. (1999) reported that the T90 correlation fails for most alternative fuels which display signi cantly higher latent heats of vaporization. Take for
example the single-component fuels in table 2.3. The volatility or T90 boiling
point for n-hexadecane (NHD) is higher than heptamethylnonane (HMN) and
this suggests a longer liquid length which was experimentally observed by Siebers
(1998) and Higgins et al. (1999). Methanol (M100) however produced a liquid
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Cpliq

Hvap

T90 C/H/O Mass

(kg/m3 )

(J/Kg/K)

(3KJ/kg)

(K)

(%)

heptamethylnonane (HMN)

811

3424

194

520

85/15/0

n-hexadecane (HND)

770

3158

227

560

85/15/0

Methanol (M100)

790

2824

1100

338

38/13/50

Table 2.3: Properties of fuel relevant to engineering correlation developed by Higgins
(1999).

et al.

length similar or longer at some conditions than NHD & HMN, despite having
a much lower T90. Higgins et al. (1999) stipulates that the correlation between
boiling point and liquid length only works as the thermodynamic properties of
fuels with families of species (e.g. aromatics, ole ns & parans) have a strong
dependence on boiling point. An example given is that latent heat of vaporization
of these fuels varies approximately inversely with boiling temperature. However,
with fuels containing no such families or signi cantly di erent fuel molecules, such
an inter-relationship and therefore correlation does not exist. The latent heat of
M100 for example does not display the same correlation with boiling point as normal hydrocarbons. As a result, an engineering correlation was developed which
took into account liquid length having a dependency on the fuel/air density ratio
and a dependency on the ratio of the heat required to vaporize the liquid (sensible
plus latent) to the heat available from the entrained gas. The latter ratio was
denoted as the speci c energy ratio, and the two terms were as follows:

F uel=air density ratio

Specif ic energy ratio

:

B

=

:

A=

P mh
i

i vap;i + (Tb;max

Cp;air;i (Tair
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The terms are de ned as follows: C p is the speci c heat at constant pressure;
T b is the boiling point temperature; T f is the initial fuel temperature; h vap is
the latent heat of vaporization; T air is the in-cylinder gas temperature. The
engineering correlation took the form of a power law as follows:
xliq
do

=

kA B

(2.7)

with the correlations constants obtained from linear regression found to be: k
= 10.5; = 0.58; and = 0.59. The correlation showed a 12% standard deviation
from experimental data over temperature and density ranges of 800 to 1100 K
and 7.3 to 45 kg/m3 respectively. The standard deviation further reduces if the
conditions are narrowed to those currently seen in diesel engines. In conclusion,
Higgins et al. (1999) correlation provides a reliable tool for predicting liquid
length and it demonstrates the danger of using one fuel property to estimate the
general liquid length for di erent fuels. However it is also important to note that
the correlation only applies for cases where vaporization is limited by turbulent
mixing.
2.3.1.10

Role of droplets in diesel sprays

The case for vaporization controlled by turbulent mixing has been portrayed extensively in the literature pertaining to diesel spray liquid lengths. This raises
the question of whether there is currently any need for further atomization improvements in terms of droplet size distributions and the value of research into
size distributions of diesel sprays. Under current diesel conditions the atomization process must be producing suciently small droplets that expose the liquid
phase with a large surface area and therefore droplet surface transport processes
are rapid relative to the mixing process. The scaling law o ered by Siebers (1999)
assumes droplet evaporation is suciently fast & the model closely correlated to
the measured data over the wide range of conditions tested. The implication is
that smaller droplets through improved atomization will not increase fuel vaporization rates. The droplets evaporate rapidly to the point where they reach a
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saturated vapour condition at their liquid/gas interface, which slows the evaporation rate until the saturated vapour is diluted with fresh air. The scaling laws
suggests that parameters such as ori ce diameter and injection pressure e ect
vaporization rates through their e ects on mixing and not through their e ects
on droplet size if there is any. Furthermore, experiments on combusting quasisteady diesel sprays has shown by the use of Mie scattering that no droplets
exist in the combusting region of the

ame, thereby removing the bene t of

having a smaller soot particle number and size distribution caused by smaller
non-vaporised droplets (Dec, 1997; Espey et al., 1994).
It is important to clarify, however, that atomization and droplet evaporation
processes are still important in diesel engines especially when operating under
certain scenarios; however, they are currently not thought to be the factors limiting overall fuel spray vaporization rate under normal diesel operating conditions.
There are inevitably certain conditions or scenarios in an operating diesel engine
where atomization and individual droplet vaporization and related local interphase transport processes are limiting factors and these are discussed below.

Low volatility, high viscosity fuels:

Low volatility, high viscosity fuels

such as Biodiesel (B100) were shown by Higgins et al. (1999) to have an extremely
long liquid length, especially at low temperature conditions. Due to this it can
be speculated that under some conditions, as the spray progresses the factor
limiting vaporization changes, i.e. from being mixing limited to being limited by
inter-phase transport mechanisms at droplet surfaces as droplet vaporization is
occurring at too slow a rate to cause a saturated vapour internal spray structure.

Cold-start conditions:

The majority of research reviewed so far assumed

spray injection into a warm engine operating environment (above 700 K). However, under cold start conditions the ambient gas temperatures and densities will
be much lower, and therefore the processes controlling fuel vaporization will shift.
As the spray experiences lower temperature and density conditions, local transport processes at droplet surfaces becomes much slower but the turbulent mixing
which entrains new air and transports fuel vapour away remains steady. Thus as
ambient temperatures decrease the droplet surface transport rates are insucient
to maintain a saturated condition within the spray structure and ultimately the
rates become so slow that they limit the overall vaporization rate. Therefore in
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this scenario the only way to increase vaporization rates is to reduce droplet size.
It was mentioned previously that vaporization limited by local inter-phase transport at droplet surfaces, could have further implications for a multi-component
fuel as a batch distillation type vaporization process occurs. A single recent investigation in the literature (Myong et al., 2006) was found that has investigated
multicomponent fuel evaporation at temperatures ranging from 400-700 K i.e.
cold start conditions lower than those used by previously mentioned authors,
Siebers (1998, 1999), Higgins et al. (1999), and Desantes et al. (2005b).

The

ndings were interestingly found to be concurrent with the measurements taken
at higher temperatures with longer liquid lengths found which implies that even
at lower temperatures the overall rate of vaporization is mixing limited (Myong

et al., 2006).

Figure 2.8:

Showing liquid and vapour formation in a high swirl diesel engine (Merola et al.,
2004). Arrows indicate swirl direction.

High swirl diesel injection (HSDI):

Recent research in diesel engines has

been focused on the development of small-sized high speed engines that enable
improved power performance. Such sized bore engines mean the time available
for fuel/air mixing is short which inevitably leads to problems with emissions. As
a result numerous techniques are being developed to improve mixing eciency,
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with swirl ow being a common factor in all these techniques (Benajes et al.,
2004). Generating a swirling air ow can improve fuel/air mixing and increase
vaporization. Merola et al. (2004) investigated how a diesel spray evolved under
swirl conditions. Figure 2.8 taken from Merola et al. (2004) paper shows how
as injection proceeds the anti-clockwise swirl motion deforms and extends the
penetrating liquid jet and causes fuel vaporization and mixing to occur rapidly.
Vaporization was seen to accelerate as a result of the swirling hot air being entrained into the spray and transporting the vapour around the chamber. Under
these conditions, the role of droplets becomes obvious. With the turbulent mixing
process enhanced, there is a high chance that a saturated vapour condition does
not exist within the spray inner region and thus the rate of vaporization under
swirl ow conditions may be limited by droplet surface transport rates. Droplet
sizes may as a result become important in this scenario.
Transient spray tip: The tip and periphery of the transient liquid length
on initial penetration and end of injection would be less dense than the core
regions of the spray. This sparseness of droplets would not allow a saturated
condition to exist and therefore at these locations droplet size becomes signi cant. Furthermore, the size distribution of droplets within the spray would be
heterogenous, and this heterogeneity would play a signi cant role in the initial
ignition of the diesel spray as well as the eventual emissions. More on the the
transient penetrating spray is discussed in the next section.
2.3.2 Spray breakup and inner structure

The liquid length parameter of diesel sprays describes the maximum penetration
distance of liquid phase fuel achieved where the fuel injection rate is matched by
the vaporization rate. However, liquid length only describes a single parameter
of a quasi-steady spray which is not representative of the early transient spray
penetration period. Figure 2.9 shows the remaining parameters of a spray, which
include the spray angles, droplet size distribution, breakup length and nally the
transient spray tip penetration. These parameters are discussed in the following
sections.
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Figure 2.9: Parameters of a spray (Hiroyasu & Arai, 1990).
2.3.2.1

Breakup length

Injected fuel does not instantaneously undergo complete breakup upon leaving
the nozzle, rather an intact continuous liquid core or jet exists. In basic spray
theory, for droplets to form a momentum needs to be applied to a liquid mass so
that the liquid's surface tension and viscosity forces, which maintain the liquid
mass in a certain low energy form, can be overcome. Therefore the creation of a
small fast jet facilitates atomisation as it features a high surface energy, and thus
signi cant instability can be easily induced to breakup the jet.
These jets, before beginning to disintegrate into droplets (atomization), is referred to as the breakup length and this parameter and the mechanisms behind
it have a strong e ect on the spatial distribution of the fuel in an engine cylinder. Useful information of speci cally how this liquid core/jet disintegrates into
droplets can be gleamed from studying the breakup length alongside the motion
of the spray tip.

The spray angle and droplet size distribution are considered

resultant features of these disintegration processes.
Hiroyasu & Arai (1990) summarised the experimental results obtained from
tests into the breakup length, spray angle,
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Figure 2.10: Break-up behaviour of a liquid jet (Hiroyasu & Arai, 1990).

Figure 2.11: Break-up length vs. injection velocity (Hiroyasu & Arai, 1990).
dertaken in an e ort to understand and model the physical structure of diesel
sprays. The break up length results were derived from an electric resistance
method, the spray angles were derived from photographic images, the spray tip
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penetration was determined by a photo-transistor array system and the droplet
SMD's obtained by laser di raction. Figure 2.10 shows trends from experiments
investigating the breakup length of low velocity jets and gure 2.11 shows for
various back pressures the change in breakup length's as velocity increases. As
was the trend with the liquid length parameter discussed previously, gure 2.11
demonstrates that an increase in back pressure linearly reduces breakup length.
However, the e ect of breakup length due to an increase in velocity is more complicated.
Due to the current high injection pressures used in diesel engines, the only
velocity regions as annotated in gure 2.10, considered relevant to diesel sprays
is the incomplete and complete spray regions. In the incomplete spray regime,
the breakup length decreases as velocity increases. This continues up until a
transition period where the incomplete spray transitions into a complete spray
where a breakup length threshold is reached and no signi cant further decrease
in breakup length occurs as the velocity increases. The incomplete spray regime
possibly describes the initial transient period at the start of injection as the
injector needle lifts and the uid is yet to reach a high velocity. However, for
the most part, the diesel spray falls under the complete spray regime as a nontransient breakup length is reached quickly and maintained until needle closure
in a similar fashion to the liquid length (Yule & Filpovic, 1991).
Hiroyasu & Arai (1990) also demonstrated that the aspect ratio (the nozzle
length to diameter ratio as depicted by the notation l and do respectively in gure
2.6) and the nozzle entrance shape (depicted by the notation r in gure 2.6) can
e ect the breakup length possibly by changing the ow condition within the
nozzle. Using this theory and the results described above the following equation
to predict breakup length was derived and found to have a good t to the data:



Lbreakup = 7 do 1 + 0:4

r
do



Pg
l Vf2

!0:05  0:13  0:5
l
do

f
g

(2.8)

Within equation 2.8 lies an expression to account for the ow condition or
internal turbulence with the nozzle, i.e. the cavitation number:
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Pg
f Vf2

!
(2.9)

This number characterises the ratio of a variable tending to favour cavitation
such as pressure drop across the nozzle or injection velocity to the variables that
oppose cavitation such as the ambient gas pressure into which injection occurs.

2.3.2.2

Spray angle

Figure 2.12:

Spray angle and breakup lengths of diesel spray for increasing injection velocities
(Hiroyasu & Arai, 1990).

Figure 2.12 shows how spray angle and breakup length changes with increasing injection velocity for a range of nozzle hole diameter. It can generally be seen
that breakup length and spray angle reduces with a reduction in nozzle diameter. Looking more closely the trends can be identi ed for the following range of
injection velocities:
i injection velocities between 0 to

70 m/s see an increase in breakup length

and a very narrow spray angle for all nozzle diameters.
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ii injection velocities between



70 to 100 m/s sees a sudden sharp decrease in

breakup length after a maximum and a simultaneous sharp increase in spray
angle. This region is characterised as the incomplete spray region and the
range of velocities in which this transition region occur seems irrespective
of nozzle diameter.

iii injection velocities over



100 m/s sees a stabilisation in liquid length so that

liquid is seen to disintegrate rapidly close to the nozzle. As a consequence
to this quick breakup, a wide spray angle is achieved and maintained very
close to the injector nozzle.

From these trends it becomes apparent that the incomplete spray, and complete spray modes are distinctly di

erent in their measurable parameters, and

that there is a clear transition between the two phases. This clear transition has
important implications as it would seem to suggest that the mechanisms through
which the spray disintegrates is changing.

2.3.2.3

Spray tip penetration

Figure 2.13 shows the transient spray tip penetration length from the start of
injection for di

erent injection pressures. Both axes are plotted on a logarithmic

scale which helps identify two clearly de

ned linear gradients of 1 for the early part

of injection, and 0.5 after this initial short early part of injection. The information
obtained from this

gure is that the transient penetrating spray velocity at the

start of injection is steady up until the point at which the it breaks up and the
spray develops into a quasi-steady jet.
Figure 2.14 shows the e

ect of injection pressure on the time it takes for

the gradient to change from 1 to 0.5.
the time for breakup to occur.

This time can be otherwise described as

Clearly identi

able is that a transition regime

exists between the range of 0.3 to 1 ms, indicating that as the injection pressure
increased the mechanism or dominating mechanism of spray breakup changed or
unproportionately increased.
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Figure 2.13: Transient spray tip penetrate rate for di erent injection pressures (Hiroyasu &
Arai, 1990).

Figure 2.14: E ect of injection pressure on breakup time (Hiroyasu & Arai, 1990).
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Figure 2.15: E ect of injection pressure on the Sauter Mean Diameter (SMD) of a diesel
spray (Hiroyasu & Arai, 1990).
2.3.2.4

Droplet size distributions

Figure 2.15 shows results from a test into the e ect of injection pressure on
the Sauter Mean Diameter (Sauter Mean Diameter (SMD)) of a diesel spray for
di erent back pressure conditions. An increase in injection pressure is observed
to decrease the SMD up until a minimum value is reached, after which no further
signi cant reduction for an increase in injection pressure occurs. The region where
the minimum value is reached is likely to be point at which the spray transitions
from an incomplete to complete spray. The e ect of increasing back pressure is
to make the minimum SMD value reached achievable at slightly lower injection
pressures, however when the spray is injected at much higher injection pressures
the SMD value is the same regardless of the back pressure. From this graph, as
with the previously mentioned graphs for breakup length, spray angle and tip
penetration, it can be deduced that there is a change in the atomisation trend
or quality as the injection pressure increases past a certain lower range which
signi cantly suggests a shift in the breakup mechanism of the spray.

55

2.3 Diesel spray measurements literature review
2.3.2.5

Atomisation mechanisms

Figure 2.16:

Schematic showing e ect of shifts in atomization mechanisms on the diesel spray.

Figure 2.16 shows how the spray is e ected by a change in the overriding
atomisation mechanism due to an increase in injection pressure/velocity. Arcoumanis et al. (1997) grouped the possible atomisation mechanisms into three
modes; aerodynamically-induced atomization, turbulence-induced atomisation
and nally cavitation induced atomisation. These mechanisms are used to discuss
gure 2.16 below.
The incomplete spray portrayed in gure 2.16 shows a long unbroken lowspeed laminar jet as a result of a low injection velocity raising insucient momentum in the uid to overcome surface tension and viscosity forces of the liquid
protrusion. The type of jets and their breakup are typically very easy to study
and model, and therefore the atomisation mechanism has been identi ed as being
in the aerodynamically-induced mode. In this mode, waves otherwise known as
Kelvin-Helmholtz instabilities, are reported to develop along the jets surface as
a result of velocity shear from the motion of the injected jet against the ambient
gas. The growth rate of these instabilities as well as the eventual breakup of
the jet into droplets is a function of the dimensionless parameters; the Weber
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number and the Ohnseorge numbers, which are the ratio of uids momentum to
its surface tension and the viscosity respectively.
The transitioning spray portrayed in gure 2.16 shows that with an increase
in the injection velocity, a smooth jet begins to extend from the nozzle and
somewhere along its length begins to develop instabilities that cause a breakup
at some distance from the injector nozzle. In this case, the ow within the injector
nozzle is turbulent resulting in a radial velocity pro le disrupting the jet surface
leading to disintegration under the in uence of the jets own turbulence. Therefore
turbulence-induced atomisation is the principle mechanism at play for this type
of jet breakup. In reality aerodynamic-induced atomisation mechanisms will also
have a small role, however studies have shown that a jet will break up even in a
vacuum under its own turbulence if induced in the nozzle.
Finally the complete spray schematic in gure 2.16 shows that as spray velocity increases further, the length of the smooth jet described in the transitionary
spray reduces dramatically such that a completely atomised spray occurs almost
at the nozzle tip. For this dramatic change to take place, the mechanism of atomisation becomes cavitation-induced atomisation and under current diesel injection
pressures is the principle and also most favourable mechanism of atomisation. In
this mechanism, cavitation is induced within the injector nozzle by dynamic or
geometric means. Geometric induced cavitation is described by the cavitation
number mentioned in section 2.3.2.1. Dynamically induced cavitation forms as
a result of high liquid velocities causing a shear and separation of liquid from
the nozzle walls, thus creating a low pressure bubble which becomes lled with
vapour. After these cavitation bubbles form, they will circulate within the emerging jet due to the jets internal turbulence, and as a result of high liquid pressures
external to the bubble, they will eventually collapse either within the nozzle or
outside. The collapsing of these bubbles will cause surface perturbations and
following disintegration of the jet whilst also enabling the formation of smaller
droplets.

2.3.2.6

Concluded spray structure

The incomplete spray structure is depicted in the top diagram of gure 2.17.
The diagram depicts an incomplete spray with an initial smooth liquid column
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Figure 2.17:

Internal structures of an incomplete (top) & complete (bottom) spray (Hiroyasu

& Arai, 1990).

extending from the nozzle, which starts to disintegrate at a length L c from the
nozzle. Prior to disintegration, the jet begins to deform from a smooth jet and
an initial deformation angle is created as shown by the notation d which has an
e ective origin shown by the notation L d . This angle is a separate entity to the
overall spray angle denoted by s which has an e ective origin denoted as length
LS from the nozzle.
For the diesel representative complete spray structure depicted in the bottom
diagram of

gure 2.17, there is no initially smooth jet to undergo deformation.

Instead the high velocity liquid jet begins disintegrating directly at the injector
nozzle and this is predominantly thought to be as a result of internal turbulence in
the jet created by cavitation. When droplets and detached ligaments are formed
at this point it is normally referred to as the primary breakup process and droplet
number density at this point close to the injector is considerably higher than other
parts of the spray. These ligaments will undergo further breakup due the shear
experienced at the droplets liquid-gas interface or through high speed collisions
with other droplets and this type of breakup is termed secondary breakup.
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2.3.3 Mixture formation process

Figure 2.18: Hypothesized spray structure (Yeom et al., 2002).

A qualitative study of the 3-dimensional mixture formation process across an
evaporating fuel spray was conducted by Yeom et al. (2002) using the exciplex
laser induced (LIEF) uorescence technique. Brie y, the exciplex LIF technique is
a laser sheet diagnostic tool that utilizes tracers in the fuel to allow simultaneous
visualization on both liquid and gas phases within a spray by relying on a spectral
shift that occurs between the two phases. Yeom et al. (2002) identi ed from previous research that mixture formation is initially a ected by spray formation and
structure. The initial liquid jet forming a spray rst experiences a surface wave,
termed the rst perturbation, which, induced by its own movement and ambient gas e ects, ampli es to become a core of vortex ow within the downstream
diesel spray structure. Therefore momentum from the fuel injection procedure
interchanges with ambient gas to induce a local ow which signi cantly impacts
downstream spray behaviour. Droplets within the spray are transported by this
ow to varying extents depending on their size, which results in a heterogeneous
distribution of droplets within the spray structure. All the while the droplets
being transported by the ow are evaporating as hot air is being entrained and

59

2.3 Diesel spray measurements literature review
a fuel vapour/air mixture develops. Therefore, the structure of the fuel spray,
and the inter-relationship between the liquid and vapour phases is signi cant in
its potential impact on mixture formation and could shed some light as to why
or how the saturated condition exists with a fuel spray. The results showed that
the spray inner structure developed in a meandering manner, with branch like
tentacles consisting of droplets protruding outwards as shown in gure 2.18. The
vapour phase was in highest concentration, or described by Yeom et al. (2002) as
saturated around this internal spray structure and as a consequence the overall
mixture formation was found to be heterogeneous Yeom et al. (2002).

2.3.3.1

Quantitative mixture formation measurements

The equivalence ratio distribution after the ignition delay determines initial ame
development and combustion characteristics which is analogous to emission production (Flynn et al., 1999). The equivalence ratio is determined by the mixture
formation processes, which in turn is subordinate to fuel vapour concentrations
and temperature e ects and as such these parameters warrant quantitative investigation. Siebers & Higgins (2001) described how early air entrainment into
the fuel spray and the restriction of further air entrainment at the ame lift-o
location can signi cantly increase particulate levels. The location of ignition is
therefore important and it has been suggested that ignition occurs near the end
of the liquid length where vapour concentration is rich.
Several laser diagnostic techniques exist to quantitatively determine vapour
concentrations in evaporating sprays. One such technique is Raman spectroscopy;
however, this technique is limited to single point measurements of fuel/air ratio
and thus requiring a large number of samples to temporally and spatially characterize overall fuel/air ratios in a spray. Rayleigh scattering can also be used,
however, it is limited to characterizing the periphery of a fuel spray due to intense
elastic scattering from droplets in the dense region of the spray.
The exciplex LIF technique as Yeom et al. (2002) utilized can also be used to
obtain quantitative measurements of vapour and temperature concentrations via
calibrations based on local thermodynamic conditions that a ect photo-physical
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Figure 2.19:

Images showing equivalence ratios and derived fuel vapour temperature mea-

surements obtained using the exciplex technique. The left y-axis and x-axis represent radial
and axial distances from the nozzle respectively.

The right secondary y-axis corresponds to

the gradient-bar which indicates equivalence ratio's. The solid lines represent
contours (Kim

et al.,

=1

and

=2

2002).

parameters. Kim et al. (2002) demonstrated this technique and used it to quantitatively assess vapour concentrations by applying an adiabatic mixing model for
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the reduction in temperature due to vaporization. From the technique they managed to obtain measurements of liquid length which were concurrent with Siebers
(1998) measurements, alongside estimations of equivalence ratios and temperature distributions near the time of fuel ignition as shown in

gure 2.19. They

found that at higher ambient temperatures, the vapour distribution had a wider
reach and a higher vapour phase concentration.

Higher vapour concentration

gradients were seen at the liquid jet edge and in these high concentration areas the reduction in temperature was quite signi cant. Furthermore, they found
that with increased injection pressures, fuel vaporization rates increased causing a
slightly larger vapour head volume, which con rms Siebers (1999) statement that
increased injection pressures increase the rate of energy entrainment in proportion
thus liquid lengths remain constant. Kim et al. (2002) intended only to demonstrate the technique, thus a detailed analysis was not carried out regarding the
implications of their

ndings on emissions. Furthermore, it would seem that the

technique would only be suitable for single component fuels, or multi-component
fuels with a low volatility so that the e ects of a batch distillation type vaporization process could be ignored. Temperature for the analysis was deduced from
an assumption of adiabatic mixing, and therefore this assumption can only be
described as semi-quantitative. More direct temperature measurements for diesel
sprays are yet to be carried out in the reviewed literature although for this to
be achieved, further advancement of laser diagnostic techniques and application
methods will be required to measure fuel vapour concentrations and temperature
distributions which can be used to optimize models.

2.4 Summary
The

rst section of this literature review chapter (2.1 Evolution of Diesel Combus-

tion Research) focuses on the evolution of the understanding of diesel combustion.
The review was necessary as understanding of the visually observable diesel combustion process has increased at an accelerating rate, potentially as a result of
updates to optical diagnostic equipment, computational processing power, and
more thorough study arising from the need for vehicles to meet new government
legislation (e.g. emissions legislation). Simultaneously, fuel injection equipment
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has been evolving, with major changes to the equipment being initially made,
followed by incremental improvements on these changes which have impacted the
way in which the combustion process of diesel engines occurs, therefore making
a review timely. Further to this, research on the diesel spray combustion process
is often studied and presented not as a whole complete process, but rather in
sub-processes, and therefore, presenting the process holistically at the beginning
of the review facilitates understanding of the process. This review on the evolution of diesel combustion research also helps de ne the real diculties that have
existed in studying these processes, and it is important these challenges were
understood if a realistic program of work was to be de ned.
Therefore, the review begins with the early understanding of diesel spray combustion based on subject reviews written by Faeth (1977); Law (1982); Williams
(1973) in the 1970's and 1980's, much of which is based on studies of steady
state combusting diesel fuel sprays. The reasons for which studies on real and
transient diesel combustion events were not undertaken are presented here, with
the reasons principally pertaining to the complex temporal and spatial structure
of diesel sprays in compression ignition engines. These complexities are neatly
summarised in gure 2.1, where the diesel compression ignition engine combustion event occurs as a function of all 3 spatial dimensions alongside time varying
characteristics such as the ignition period, and di usion ame period. Thus the
complexity of the process becomes apparent, as does the reasoning behind splitting the process into sub-processes to facilitate understanding. Alongside the
inherent complexity, the gure demonstrates that the diesel compression ignition
engine di ers in many respects to other spray combustion systems and therefore
the approach applied to understand other systems should not be blindly applied
to the diesel compression ignition engine.
The understanding that was gained from this period is presented here and
then challenged in the following section (2.1.2 Recent diesel spray combustion
model), that presents the more current or up to date understanding of the combustion processes. This section summarises the processes that occur within the
diesel spray combustion event, whilst simultaneously introducing ndings that
have been obtained through the application of laser and optical diagnostic techniques. Much of the diesel combustion literature reviewed has relied on the correct
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interpretation of data from these optical techniques. For this, a level of knowledge
of the physics behind the techniques is required so that the measured data, often
in the form of detected light by sensors, can be given a de

ned meaning, such as

whether the light detected is representative of a certain type of particle (e.g.

a

liquid droplet), and whether it can imply a quantitative value (e.g. temperature,
size, etc.).

Due to this, a section that critically reviews the commonly applied

techniques (2.2 Optical diagnostic techniques) is presented here.

Furthermore,

this section was useful as a guide that helped in the selection of appropriate techniques for this study and also as guide in the design of the optically accessible
chamber so that the setup characteristics of each can be accommodated for. The
section concluded with a discussion of the applicability and limitations of each
technique to speci

c diesel combustion measurable parameters (2.2.7 Limitations

of optical techniques), with the conclusion that more than one technique could
be applied to measure the same parameter, therefore selection needs to take into
account the setup costs/times, experimental accuracy, availability of equipment,
and quantity/quality of data.
As the previous section, 2.2 Optical diagnostic techniques, introduces the
concept of an appropriate technique for a speci

c measurable, alongside a back-

ground on the techniques, the most common speci
the diesel spray that in

c measurable parameters of

uence the combustion process are presented in the next

section (2.3 Diesel spray measurements literature review). This section presents
de

nitions of each parameter, a review of literature that has undertaken measure-

ments on these, a critical analysis of the conditions under which measurements
took place and to what type of engine hardware the results are applicable to,
the type of diagnostic technique applied and corresponding limitations, trends in
the measurable parameters that vary with ambient conditions and

nally scaling

laws/models and their requirements for improvement.
This

nal section helped discuss diesel spray parameters that could be mea-

sured and through analysis may show additives to have an e
spray formation process.

ect on the diesel

Combining this list of measurable parameters, with

knowledge of the optical techniques that could be applied to obtain measurement,
and also with knowledge of the engineering pro jects budget/time requirements
and the availability of equipment, this review chapter served to greatly de
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program of work. As this is an initial or early stage study seeking to de ne and
prove the hypothesis that additives may alter fuel surface tension, viscosity and
density properties and therefore spray formation, the parameters to measure can
be narrowed down to those that are easily measurable and from which clues to
additive e ects can be gained. Furthermore, the optical techniques to be applied
can be narrowed down to those which are simplest and cost e ective and will
produce results that will determine whether more intensive interrogation via a
more complex technique is warranted.
The review highlighted that the near nozzle region of the diesel spray is requires thorough interrogation through a high delity technique such as PDA, otherwise data can be hard to obtain. This near nozzle region is where spray break
up occurs and as the additives alter the fuel properties that in uence breakup in
this region, application of PDA would provide suitable data to test the hypothesis. However, from the review it can also be identi ed that the fuel penetration
length/rate is in uenced by this early break up process and this parameter is less
complex in its actual de nition. Comparatively, the de nition of the breakup
length in the literature is seen to be ambiguous and very dependent on the technique applied to observe it, whilst penetration length is more clearly de ned
and less varying with measurement technique. Therefore, in this early study it
seems sensible to observe the penetration length parameter to gain information
on whether additives are e ecting the break up process and overall spray formation from that point on. To measure this parameter, the review has highlighted
backlight illumated, shadowgraph/Schlieren, and Mie imaging techniques, the
simplest of which is the backlight illuminated imaging. Therefore keeping with
the philosophy of applying the simplest appropriate technique in these early tests,
the backlight technique is most suitable to apply for measurement of penetration
lengths and thus this technique and measurement will provide the majority of
the data to be analyzed to assess for any additive e ects in this thesis.
From the review it was also learnt that droplet sizes are in uenced by changes
to the early spray breakup, and a suitable droplet sizing technique would be
appropriate for application in nding additive e ect. The measurements of these
two parameters have therefore been de ned as a result of this review and these
measurements were carried out and discussed in chapter 5 using the rig which has
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been designed for this study (presented in chapter 3) and commissioned (presented
in chapter 4).
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Chapter 3
Design of a high temperature,
pressure chamber facility
This chapter begins with summarising the design steps that were undertaken in
order to come up with a suitable design for a high temperature, high pressure
optical test rig. As with any design process, a design brief (as outlined in section
3.1) is considered and this needs to be taken further through the engineering
design process (described in section 3.2), in order to arrive at a nal design which
is to be put into production. A key part of the design process was to build
up a knowledge-base of existing research rigs, so that an idea of how to make
a new rig perform inline with or better than other rigs whilst also adhering to
considered guidelines, and these rigs are presented in section 3.3. Proceeding
this, the produced rig and the design of its component modules are described in
section 3.4.1, alongside other experimental instrumentation, ow con gurations
and planned operational protocols.

3.1 Basic design brief
The basic design brief for the high temperature, pressure chamber was essentially to design a versatile, optically accessible facility capable of simulating the
conditions achieved in the non-optically accessible single cylinder diesel research
engines currently in use for research at University College London (UCL). Table
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Engine model
Number of cylinders
Cylinder bore
Crankshaft stroke
Swept volume
Compression ratio
Maximum cylinder pressure
Piston design
Water temperature
Oil temperature
Fuel injection pump
High pressure fuel rail
Injectors
Electronic fuel injection controller

Table 3.1:
3.1

Single cylinder research engine speci cations.

shows the typical speci

modi

Ford Duratorq
1
86 mm
86 mm
499.56 cc
15:01
15 MPa
Central !-bowl in piston
85o C
85o C
Single-cam radial-piston pump (BOSCH CP3)
Solenoid controlled, 160 MPa (BOSCH CRS2)
6-hole solenoid controlled (DELPHI DFI 1.3)
1s accuracy (EMTRONIX EC-GEN 500)

cations for the UCL engines, which are essentially

ed small bore diesel passenger car engines.

The injection event prior to combustion in a diesel engine occurs close to
the Top Dead Centre (TDC) event in the four stroke engine cycle, where peak
engine pressure and temperatures aid fuel spray vaporization and ignition.

To

nd approximate values of these conditions a motored pressure trace of one of
the research engines was obtained and the peak pressure at TDC was found to
be approximately 47 bar (naturally aspirated). Using the ideal gas equation and
assuming the process is isentropic, the peak pressure at TDC corresponds to a

o

temperature of about 968 K (695 C).
With knowledge of these conditions, the steady state stresses exerted by the
energized gas needed for combustion tests could be calculated and applied to
designs as progress through the engineering design process described in the next
section was made.

68

3.2 Engineering design process

3.2 Engineering design process
Stage Process
1.
2.

Identi cation of
need
Background
research

Description
Consists of a basic problem statement.
Necessary to fully de ne and understand problem statement.

3.

Goal statement

Following background research it is possible to
restate the goal in a more reasonable & realistic
manner.

4.

Task
speci cation

A detailed document which de nes the limits
and its scope.

5.

Ideation and
invention

Many possible designs/creative solutions are
produced, usually without regard to their value
or quality.

6.

Analysis

Solutions from step 6 are either short-listed, rejected or modi ed after some scrutiny.

7.

Selection

Final design is selected.

8.

Detailed design

Further nalisation of design, complete engineering drawings produced, vendors identi ed,
manufacturing speci cations de ned, etc.

9.

Prototype and
testing

First working construct of design.

Production

Design produced in quantity.

10.

Table 3.2: Engineering design process (adapted from Norton (1998)).
The engineering design process consists of the various stages as shown in
table 3.2 (adapted from Norton (1998)). Although the table gives the impression
that the design process relies on linear progression through the stages, in reality
numerous iterations can occur between and across any of the stages, and this
was undoubtedly the case with the design of the facility developed and described
within this thesis's scope.
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From the rst ve or six stages in table 3.2 it can be concluded that a survey of the existing optical rigs used in the literature would be of immense value
and indeed in reality this was the case as the survey provided inspiration for
the creation of conceptual ideas and designs. Furthermore, this survey as a type
of background research helped to understand the intricacies of operation of high
pressure combustion facilities that needed consideration at each step and the presentation of these facilities in the following section 3.3 aids to put in perspective
the design of the facility developed as part of this research, with regards to how
the nal design sought to overcome limitations in other rigs.

3.3 A review of optically accessible combustion
research rigs
For relevant optical and laser based diagnostics as described in section 2.2 to be
conducted, various optically accessible rigs have been specially designed to allow
diesel engine like conditions to be simulated. The types of optical rigs can be
largely de ned as piston and non-piston based. For all the rigs, many di erent
designs and con gurations have appeared for use within diesel combustion research literature and a sample of these rigs is presented within the next sections
3.3.1 and 3.3.2. There, principle design features of speci c piston and non-piston
based rigs are presented in tables 3.3 to 3.13, which also refer the reader to associated reference papers shown in table 3.14 and also to images and schematics of
the speci c rigs.

3.3.1

Piston based optical research rigs

3.3.1.1

Optical Research Engines (ORE)

Schematics of an example optical research engines (optical research engine (ORE))
used in diesel combustion studies by Espey et al. (1997), can be seen in gure
3.1. It can be said that of all the optical rigs, optical research engines in design
and operation deviate the least from normal diesel engines. Observation of the
combustion chamber is normally made possible through a quartz window located
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in the piston head as seen in

gure 3.1(c). The piston of an ORE is of a bow-ditch

design as shown in 3.1(a). The piston window can take up the entire piston diameter as shown or as a small section within the piston. Another access point is
usually required as an entry point for laser sheets or lighting sources, and this is
normally provided though a slot quartz window in the engine liner just below the
cylinder head. More sophisticated and costly designs can make use of a stronger
sapphire cylinder ring/tube, although diculty in machining the crystalline material to precisely

t the engine is often an issue. Characteristic design features

of the ORE shown in

Rig
Type

ORE

Ref. Fig.

R1

3.1

gure 3.1 are summarised in table 3.3.

Features

Description

Chamber dimensions

Single cylinder, direct injection, four-stroke HD diesel
engine; Bore of 140mm & stroke of 152mm.

Max P. & T.

50 bar ; 1000 K at TDC.

Optical access

UV grade quartz window in cylinder head gives view of
outer portion of combustion bowl and squish region; 2
orthogonal UV grade quartz windows in top of cylinder
wall for 2D laser diagnostics.

Heating

Compression.

Special Features

Preserved engine geometry; Bowditch piston design;
Quiescent in-cylinder ow eld mentioned under motored conditions due to large bore size.

Table 3.3: Design characteristics of piston based rigs used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.1.
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(a)

(b)

(c)

Figure 3.1:

Schematics of an optical research engine rig (Espey et al., 1997).
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3.3.1.2

Rapid Compression Machines (RCM) & Rapid Cycling Machines (RCYM)

Rapid compression machines (rapid compression machines (RCM)) are similar
to an engine in that a piston is used to compress the charge. However, only
one stroke occurs and piston movement is suspended at the top dead centre
(TDC) position of the device. A rapid cycling machine (rapid compression cycling
machines (RCYM)) can be described as a cross between a RCM and a 2 stroke
side port scavenged engine (Bermudez et al., 2003). In the lower section, a normal
engine style piston is employed and motored to provide compression, although
combustion does not take place in the cylinder bore. Instead the cylinder head is
modi ed to provide a con ned volume for fuel injection and combustion to occur,
and optical access to the chamber is provided through side mounted windows.
Example schematics of RCYMs can be seen in gures 3.2 and 3.3, and their
characteristic design features are summarised in table 3.4.
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Ref. Fig.

Chamber dimensions
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R5

RCM

Special Features

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are given in table 3.14. The numbers under the
heading, "Fig.", refer to gures of the rigs described here and are found in the gure 3.2 and 3.3.

-

Aluminium piston
is rammed into a
bore to achieve
compression. Piston is sacri cial in
every test due to
deformation.

Engine operated in
skip re mode, due
to limitation in acquisition frequency of Top mounted fuel
digital cameras and injector;
to minimize window
fouling. Also to limit
temperature transients
in engine walls.

Other features

Higher temperatures reached using
Combustion chamber bore
mixture of 53%
of 60mm and thickness of 900 K from air
argon, 26% he- Compression ratio of
3.2(b) 11.5mm; Distance from noz- compression
lium, 21% oxygen. 17.3 obtained.
zle tip to opposite impinging
Mixture prepared
wall is 28mm;
externally and fed
to vessel via lines
heated to 453 K.
2
orthogonal
quartz
Similar in operation
Combustion chamber bore of 30 bar ; 950K windows 60mm in di- Compression
as the RCM outlined
3.3
60mm, thickness of 20mm
ameter
above.

Table 3.4: Design characteristics of piston based rigs used in the literature.

R4

RCM

Heating

4 lateral orthogonal accesses. 1 for pressure transducer and
3 for elliptical quartz Compression
windows 81mm high,
33mm wide and 20mm
thick;

Max P. & T. Optical access

Based on modi ed loop scavenged single cylinder two
stroke direct injection diesel
engine; Lack of exhaust & inRCYM R2,R3 3.2(a) let valves enables optical ac- cess through cylinder head;
combustion chamber diameter of 45mm, height of 91mm;
Compression ratio of 9.3;

Rig
Type
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(a)

RCYM (Bermudez

et al.,

2003;

Desantes

2009)

(b)

Figure 3.2:

et al.,

RCM (Kobori

et al.,

2000)

Schematics of a Rapid Cycling Machines (RCYM) & Rapid Compression Machines

(RCM).
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Figure 3.3: Schematics of a Rapid Compression Machines (RCM) (Adam et al., 2009).
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3.3.2 Non-piston based optical research rigs
3.3.2.1

Constant Pressure Flow Rig (CPFR)

Constant pressure ow rigs (Constant Pressure Flow Rig (CPFR)) can take various con gurations, but in principle rely on a steady continuous ow of hot,
pressurised gas in a pipe or a wind tunnel. Fuel can be injected in any direction
with respect to the ow, and spray combustion can be studied though window
ports along the circumference of the pipe/tunnel. Example schematics of CPFRs
can be seen in gure 3.4, and their characteristic design features are summarised
in table 3.5.
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R7

R6

Ref.

78

50 bar;800 k

Special Features

Inner liner featured
which also contains
3 sided optical
quartz windows aligned
access via 116 Air
with the outer chamber
mm long, 46mm through passes
quartz windows and
wide quartz win- heaters 24kW ceramic heat insulation.
dows 90degrees
This serves to prevent
to each other
heat losses. 90mm ID
ensures wall in uences
can be neglected.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are given in table 3.14. The numbers under the
heading, "Fig.", refer to gures of the rigs described here and are found in the gure 3.4.

Velocity of ow is 0.1-0.3m/s, so
is considered nearly quiescent in
comparison to spray tip velocity;
After passing chamber, hot pressurized air is cooled in an external heat exchanger and throttled
to ambient pressure using needle valves; Pressure and temperature monitored for closed loop
control system.

Rig ow supplied by air compressor

Other features

Table 3.5: Design characteristics of Constant Pressure Flow Rigs (CPFR) used in the literature.

3.4(b) Unde ned

Heating

2 optical access
points perpendic- ular to each other

Max Pressure; Optical access
Temperature.

Optically accessible aluminium cylinder placed under 4 valve engine cylinder
3.4(a) head; Cylinder size similar Unde ned
to piston engine at BDC
with a bore size of 70mm
and stroke of 78mm

App.
Img. Chamber dimensions
No.
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Compressor
Flow Meter
Engine Head

Air Tank

Electro-motor

CCD
Laser
ND:Yag
ECU

Fuel Tank
Pulse Generator

Computer
Synchronizer

CPFR (Yongfeng et al., 2007)

(a)

Spray
Interceptor

Injector

Quartz Glass
Window

Counter
Heating

Straightening
Blade
Heater

Compressed Air
(b)

Figure 3.4:

CPFR (Weber et al., 2005)

Schematics of two constant pressure ow rigs.
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3.3.2.2

Constant Volume Hot Cell (CVHC)

Constant volume hot cells (Constant Volume Hot Cell (CVHC)) normally consist
of a steel pressure vessel which is used to contain a xed volume of gas with high
temperatures achieved through heating of the vessel walls. However, the use of
steel as a manufacturing material limits the maximum maintainable temperatures
to well below 900 K, after which the strength properties of steels reduce rapidly.
The mass and volumes of CVHC's are required to be small in order to avoid
high thermal inertia which in turn reduces maximum obtainable pressure levels.
Charges in these rigs can be heated in a separate vessel and then supplied to
the cell when needed, thus avoiding high wall temperatures, energy losses and
reducing temperature strati cation. Example schematics of CVHCs can be seen
in 3.5 to 3.8, and their characteristic design features are summarised in tables 3.6
to 3.9 respectively.
Chamber
dimensions

Ref.

Fig.

R8

Aluminium
3.5(a) chamber,
90mm ID,
200m long

R9,R10,R11
3.5(b) -

Max
Pressure; Optical
Tempera- access
ture.
31
bar;
One internal surface
heated to
750 K.

Orthogonal
circular
glass windows on
sidewalls.
3 x 100mm
diameter
30 bar; 700 quartz
K
windows 90
degrees to
each other

Heating
Single heated surface
up to 750K for droplet
impaction studies. Ignition coil used for
droplet combustion on
heated surface studies.
Vessel gas heated using cartridge heaters at
top and bottom of vessel; Mixing fan to ensure rapid equilibrium
of gas.

Other features
Water-cooled injector/droplet generator.

Oil cooling for fuel.

Table 3.6: Design characteristics of Constant Volume Hot Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.5.
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Figure 3.5:

(a)

CVHC (Segawa et al., 2009)

(b)

CVHC (Myong et al., 2008)

Schematics of various constant volume hot cell rigs.
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Ref.

Fig.

Feature

Chamber dimensions

Description

110mm high, 40mm ID Stainless Steel combustion cell.

Max Pressure; Tempera- 80 bar; 850 K.
ture
R12

3.6

Optical access

4 sapphire windows 90 degrees to each other; 40mm diameter.

Heating

Cell heated electrically by 4x2kW heating cartridges; Gas supply pipe heated using 6x800W cartridges; Gas is preheated and
pressurised in an autoclave.

Other features

Pre-combustion through fuel injection to enable >850 K temperatures.

Special Features

Gases introduced via cam-shaft driven valve in inlet port; Gas
exhausted through pneumatically operated valve; Diesel engine
combustion cycle can be simulated without a piston.

Table 3.7: Design characteristics of Constant Volume Hot Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.6.

SW: sapphire window
TI: thermal insulation
IV: inlet valve
OV: exhaust valve
TC: thermocouple
PS: pressure sensor
PSw: pressure switch
MV: magnetic valve
RD: rupture disk
PR: pressure relief valve

Figure 3.6: Schematic of a constant volume hot cell rig (Bougie et al., 2005).
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Ref.

R13,
R14

App.
Img. Feature
No.

Description

3.7

4 x 50 mm diameter orthogonal quartz windows, 24mm thick.

Chamber dimensions
Cylindrical pressure vessel, 800mm high, 150mm ID.
Max Pressure; Tempera- 100 bar; 1273 K.
ture
Optical access

Contains movable electric furnace inside, which is shielded by asbestos to prevent heat transfer to walls; Temperature controller
controls vessel temperature.
Used in droplet combustion studies only; Droplet suspended from
quartz ber.
Another low pressure vessel is used inside the high pressure vessel;
The internal vessel acts as a furnace to retain the heat. When the
test temperature is reached the internal vessel is rapidly guided
over the hanging droplet. This allows the temperature the droplet
is subjected to, to step up rapidly.

Heating
Other features
Special Features

Table 3.8: Design characteristics of Constant Volume Hot Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.7.
Lever

Temperature controller

Quartz glass window on
furnace
Electric furnace
Nitrogen vessel
Furnace entrance
Guide bar
Pressure vessel

Quartz glass window
on pressure vessel

CCD Camera

Backlight source
Quartz fiber
Droplet
Shock absorber
Droplet maker

Plunger

Figure 3.7: Schematic of a constant volume hot cell rig (Ghassemi et al., 2006a).
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Ref.

R15

R16

R17

App. Chamber dimen- Max
Pressure; Optical ac- Heating
Img. sions
Tempera- cess
No.
ture.

Special Features

Compressed
preheated air
injected into
vessel; Wall
temperature of cell heated
to 400 K to
avoid condensation on
windows.
Conical cavity
installed on
one wall to be
aligned with a
laser beam to
re ect the laser
Unde ned
and allow for
laser induced
cavity or multipoint ignition
experiments.

-

Cubic shaped combustion
chamber
with volume of
167cm3 ; Consists of
three orthogonally Unde ned
intersecting cylindrical passages in
a block of stainless
steel.

Each passage
can contain
quartz windows or stainless steel plugs
holding pressure sensors &
electrodes;

-

Hexahedron shaped
combustion chamber Unde ned
with dimensions of
60x60x20mm

A BK-7 window
allows
laser access; 2
additional windows allow ow
visualization;

3.8

Chamber has 200mm 50 bar
ID;

3
quartz
windows 90 Unde ned
degrees to each
other;

-

Table 3.9: Design characteristics of Constant Volume Hot Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.8.

Figure 3.8: Schematic of a constant volume hot cell rig (Rottenkolber et al., 2002).
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3.3.2.3

Constant Volume Pre-combustion Cell (CVPC)

Similar to the constant volume hot cell is the constant volume pre-combustion cell
(constant volume pre-combustion cell (CVPC)), which makes the achievement of
high gas temperatures in a larger volume rig more feasible. Test conditions are
reached through the combustion of a lean mixture of gases of a predetermined
quantity within the vessel, and the fuel spray is injected into the products of
the prior combustion event. Example schematics of CVHCs can be seen in 3.9
to 3.12, and their characteristic design features are summarised in tables 3.10 to
3.13 respectively.

Ref.

R18

Fig.

3.9

Feature

Description

Chamber dimensions

101.6mm diameter steel cylinder; 46.4mm length; Disc
shaped combustion chamber.

Max Pressure; Temperature

HD Diesel engine range.

Optical access

Quartz windows 57.2mm thick, 128mm diameter; windows can be replaced by blanks with 7 modular probe
or window locations located within the blanks.

Heating

Heated walls.

Other features

8 ports along the chamber circumference are provided
for valves, spark plugs, injectors and windows.

Special Features

Combustible mixture held in mixing reservoir. Specially designed intake valve to separate high pressure
pre-charge gases in mixing reservoir from experiment
and consequent gas evacuation of chamber.

Table 3.10: Design characteristics of Constant Pre-combustion Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.9.
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(a)

(b)

Figure 3.9:

Schematics of a constant volume pre-combustion cell rig (Oren, 1987).
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Ref.

R19

Fig.

3.10

Max
PresChamber di- sure;
mensions
Temperature.

Optical
access

Heating

Disc shaped
combustion
chamber
35 bar; See gure Combustible
100mm diam- 1000 K
mixture
eter, 50mm
deep

Other fea- Special Features
tures
Run to run Engine fed
variations in combustion
temperature
chamber;
of 50K.

Table 3.11: Design characteristics of Constant Pre-combustion Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.10.
Injector
mounting
boss

Stainless steel body

Quartz
windows
Injector
Clamping
flanges

Figure 3.10: Schematics of a constant volume pre-combustion cell rig (Kim et al., 2002).
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Ref.

R20

Fig.

3.11

Feature

Description

Chamber dimensions

Consists of 2 concentric aluminium (alloy 6061, temper T6511) cylindrical vessels. inner vessel (82.55mm
ID, 107.95mm OD, 127mm length); outer chamber
(273.05mm ID, 323.85 OD, and 304.8mm length).

Max Pressure; Temperature.

95 bar; HD diesel range.

Optical access

Pair of quartz windows (101.6 mm B, 6.35 mm thick)
comprises the two circular ends of the inner vessel, and
a pair of quartz windows (114.3mm B, 25.4 mm thick)
is mounted within the two end anges (393.7 mm B,
38.1 mm thick) of the outer chamber.

Heating

Combustible mixture

Other features

Inner vessel lled with the combustible pre-mixture;
outer chamber lled with inert gas, at the same pressure; lateral walls of the inner vessel and an encasing cylindrical sleeve contain matching rows of holes,
which when o set, seal via O rings the inner vessel
from the surrounding outer chamber. In synchronization with ignition, the encasing sleeve of inner vessel is
mechanically translated, in a piston-like manner, such
that the rows of holes between the inner vessel and its
encasing sleeve align, establishing continuity between
the inner and outer vessels.

Special Features

Since the volume ratio of the outer to inner vessel is
about 25:1, total pressure increase in the entire system
due to combustion within the inner vessel is small,
measured to be less than 3%, hence, allowing nearconstant-pressure experimentation and ensuring operational safety; After lling, the reactants within the inner vessel are thoroughly mixed by jet stirring through
a dual-port injection and suction technique powered
by a two-way, piston-driven pump.

Table 3.12: Design characteristics of Constant Pre-combustion Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.11.
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(a)

(b)

Figure 3.11:

Schematics of a constant volume pre-combustion cell rig (Tse et al., 2004).
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Ref.

R21

Fig.

3.12

Feature

Description

Chamber dimensions

Cubic shaped combustion chamber inside a stainless steel
cube; Produced via spark erosion.

Max Pressure; Temperature

HD Diesel engine range

Optical access

Chamber is accessible on every side through a large
threaded hole; Each hole can be tted with a window or a
metal plug, which are kept in place by matching threaded
retainer; Windows are 100mm in diameter and 50mm in
thickness.

Heating

Combustible mixture; To avoid water vapor condensing on
windows, the cell is heated to 403 K.

Special Features

8 modular entry points; Windows and their support/clamping and sealing mechanisms underwent special
design process. Window shape is such that its interaction
with the supporting retainer minimizes tensile stress in the
window and thus window thicknesses. Enclosing windows
between stainless steel core and retainer requires high accuracy of all the parts. Small inaccuracies in alignment
lead to a non-uniform load on window surfaces. Therefore
retainer was designed so it could adapt to small misalignments.

Table 3.13: Design characteristics of Constant Pre-combustion Cells used in the literature.

The numbers under the heading, "Ref.", refer to references in which the various rigs can be found and these are
given in table 3.14. The numbers under the heading, "Fig.", refer to gures of the rigs described here and are
found in the gure 3.12.
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e
a

c

b

d

i

g
f

a - high pressure cell
b - window holder
c - heaters with insulation
and aluminium cover plate
d - sapphire window
e - fuel injector
f - thimble
g - inlet valve
h - outlet valve
i - combustion chamber
j - burst disc

h

j

(a)

(b)
Figure 3.12:

Schematics of a constant volume pre-combustion cell rig (Baert et al., 2009).
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Reference

Authors

R1
Espey et al. (1997)
R2 Bermudez et al. (2003)
R3 Desantes et al. (2009)
R4
Kobori et al. (2000)
R5
Adam et al. (2009)
R6 Yongfeng et al. (2007)
R7
Weber et al. (2005)
R8
Segawa et al. (2009)
R9
Myong et al. (2008)
R10
Myong et al. (2006)
R11
Myong et al. (2004)
R12
Bougie et al. (2005)
R13 Ghassemi et al. (2006a)
R14 Ghassemi et al. (2006b)
R15
Franke et al. (2005)
R16 Morsy & Chung (2003)
R17 Rottenkolber et al. (2002)
R18
Oren (1987)
R19
Kim et al. (2002)
R20
Tse et al. (2004)
R21
Baert et al. (2009)

Facility location

USA
Spain
Spain
Japan
Japan
China
Germany
Japan
Japan
Japan
Japan
Switzerland
Korea
Korea
Sweden
Egypt
Germany
USA
USA
USA
Holland

Table 3.14: References, referred to from tables 3.3 to 3.13

92

3.3 A review of optically accessible combustion research rigs

3.3.3 Summary: Advantages and disadvantages of the different optical combustion research facility types

The inherent advantages and disadvantages of the various rigs have been discussed
recently by Baert et al. (2009) and this discussion is extended and summarised
in table 3.15 and 3.16 for piston based optical rigs and non-piston based rigs
respectively so that a brief comparison of the rigs can be made.
From the previous sections and these tables some conclusions can be drawn:


The rigs that allow most control over test conditions are the CVHC and the
CVPC type. For fundamental studies requiring the reduction of variables
especially for comparison with modeling work these types of rig are ideal.



In some cases CVHCs are capable of being adapted into CVPCs. The
CVHC based in Switzerland, used by Bougie et al. (2005) has been shown
to be capable of achieving higher pressures and temperatures than normal
for a CVHC through an initial pre-injection and combustion of a diesel
spray.



Neither CVHCs nor CVPCs seen in the literature have the multifunction
capability of operating as a CPFR. However, fan stirring can be used in
both to simulate turbulent ows.



The main diculties experienced with the rigs are those caused by temperature e ects on the stainless steel/steel bodies. The stress from thermal
expansion and the e ect on sealing mechanisms and quartz window clamps
seems to be a major design and safety consideration. Methods to ensure
fuel temperatures in the injector are controllable are also taken into consideration.



CVPC rigs are more complex to design than CVHC's due to the ancillary
features that are necessary. For example custom long stemmed injection
valves are required to withstand the combustion pressures and temperatures
during the pre-combustion procedure. Another example being that complex
and costly gas control systems are required to be set-up so that the precise
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combustible mixture can be obtained to produce the correct pressure and
temperature conditions for study.

 In terms of safety considerations, the piston type rig requirements are the
same as that of a typical engine research facility, in that the rig is remotely
controlled with the user safely located in a separate test cell. The user only
enters the room in which the rig is located to setup equipment, therefore
there is still the remaining risk of damage to equipment, but limited risk
to the user. Damages to the rig can occur if the intial setup is incorrect,
for example if the valve timing is misaligned or the amount of fuel injected
is of an overly large and mistimed so as to cause a pressure increase that
exceeds design limits. With these types of rig, creating a custom access
point in which to place pressure relief valves is dicult without signi cant
modi cation to the engine design. However, assuming the de ned setup
procedure has been followed, the pressure exerted from a combustion event
can be transferred to the piston, which allows volume expansion and controlled dissipation of the energy from combustion. Therefore, very little
extra physical safety instrumentation such as burst disks and pressure relief
valves are added to these rigs.

 In the literature, safety aspects of the CVHC, CVPC, and CPFR rigs are often given little documentation, with no guides as to how rig wall thicknesses
were determined (e.g. the stress values used in calculations). However, some
of the safety considerations can be inferred through the images, engineering
drawings/schematics of rigs and their instrumentation diagrams, and of the
types of materials used. For the CVHC, CVPC, and CPFR rigs reviewed,
remote operation capability was possible, thus enabling the user to be located in a safe area away from the rig during tests. This remote operation
usually relies on the control of solenoid valves and mass

ow controllers

and the acquisition of pressure and thermocouple sensor data. It is possible
that this remote operation could also be automated, with safety alarms programmed to actuate solenoid valves when an unsafe condition is detected as
determined by the programmer. However, these automated safety features
are always seen to exist as an extra precaution option alongside physical
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safety instrumentation such as burst disks and pressure relief valves which
are placed on the pressurised chambers themselves and also in key locations
along the pressurised gas injection feed lines.



The design and mounting of windows and the selection of their locations in
all the rigs reviewed represent a key challenge. For the ORE type rigs, there
appears to be well de ned optical con gurations that have been settled on as
a result of the diculty in

tting in optical windows that enable a speci c

diagnostic technique without changing the engine geometry signi cantly.
For RCM and RCYM rigs, the number of possible window geometries, dimensions and locations for combustion event observation increases a little
more, however space limitations still exist as the compression volume needs
to be considered. Regardless, for these piston based rigs, continuous and
speedy operation is possible, however due to the limited space, the spray
and combustion products inevitably end up on the windows, thereby hindering the optical diagnostic technique in acquiring data, and the actual
speed of experimentation su ers as a result.



For CVHC, CVPC, and CPFR rigs the design possibilities increase exponentially as every aspect is customisable. However, with this exponential
increase in possibilities comes extra complexity and decision making iteration in the design process. For example, assuming the designer decides
to have multiple windows that has the advantage of allowing for multiple
viewing angles of a diesel spray that bene ts the application of a point
based laser diagnostic technique. In this case, the windows could be small
in dimension and cheaper to obtain as smaller windows can be found "o
the shelf" from manufacturers. However, with this decision, the bene ts
need to be balanced against the disadvantages of there now being multiple
windows that require constant cleaning, exchanging and remounting, represent multiple points of weakness in the rig structure and

nally will limit

the rig to only being able to have one laser technique applied. Therefore
with this example it becomes clear that a design philosophy for the CVHC,
CVPC and CPFR rigs is required to help make key decisions.
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With these conclusions in consideration, a basic design brief for a new facility
can be listed:
i allows for a wide range of pressure and temperature conditions.
ii allows for spray and combustion studies to be conducted with short time
intervals between tests and a rapid transition between conditions.
iii allows versatility in its current and future operation, meaning that the
rig will be capable of operating as a constant volume hot cell, constant
volume pre-combustion cell and constant pressure ow rig through slight
modi cations.
iv address the wall temperature heating problems experienced by other CVHCs
or CVPCs.
v address the issue of window fouling and obscuration of optical access pathways.
vi considering the available budget and manpower, ensure the rig could be
machined, assembled and modi ed in UCL quickly, with ease and with
minimal external support.
vii ensure rig could be operated safely with operator standing in same room
during initial testing and nal operating stage.
viii ensure all components and materials (ranging from stainless steel billets to
high temperature, diesel tolerant O-rings) were of standardised dimensions
and materials or could be quickly sourced at reasonable cost if otherwise.
ix design to required and relevant safety standards.
x special tooling to be manufactured solely for the purposes of rig assembly
need to be considered.
xi weight and dimensional aspects of the rig always need to consider space and
location restrictions in the UCL labs.
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xii ergonomics of the rig need to be considered to enhance its usage and speed
of operation by a user.
xiii window mounting design needs to reduce loading/thermal expansion stresses
placed on it, whilst also being quick to exchange.
Using the above as a guideline, progress was made through what is termed by
design engineers as the ideation & invention, analysis and selection stages of the
engineering design process as shown in table 3.2 was made, and nally a detailed
design leading to manufacture was made.
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RCYM
HIGH
AVERAGE

RCM
AVERAGE
AVERAGE
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Summary

AVERAGE
1

AVERAGE
120-600

Table 3.15: Assessment of piston based optical research rigs (Content summarised from Baert et al. (2009)).

Dicult to decouple all the fundamentals involved in diesel spray combustion from the complex engine physical and thermodynamic interactions; Engine speeds are limited by motoring.

AVERAGE

LARGE

Complex, highly turbulent, in-cylinder ow elds
Compression stroke creates velocity and temper- with strong interactions on spray combustion;
ature gradients in charge.
Piston reciprocates during combustion process.

Tend to be skip red to avoid window fouling.
Can be more accurately deduced at the cost of Charge composition is that of the intake charge
longer time between experiments.
which, can be altered rapidly.

Dicult to decouple all the fundamentals involved in diesel spray combustion from the com- High diculty to build and operate; Su ers from
plex engine physical and thermodynamic inter- high noise and vibration at the end of the comactions; Expensive, complicated and dicult to pression stroke, making laser diagnostics dicult.
modify.

Flow eld impact on combustion
Test facility vol- AVERAGE
ume
Time to switch
between
op. AVERAGE
conds.
Time between 1
tests (s)

Control
over
trapped
gas
composition.

Control
on
trapped
gas
press./temp.

Accurate measurement or calculation is dicult
due to factors such as blow-by and heat loss and
transducer drift. Not possible to directly measure
in-cylinder temperature; Temperature strati cation can occur in-cylinder due to piston scraping
the colder fuel boundary layer o the cylinder
liner.
Optical engines are skip- red (injection event occurs only after predetermined number of cycles)
to avoid inducing thermal stress on the windows.
Skip- ring allows the assumption that charge
composition is that of the known intake charge.
Complex, highly turbulent, in-cylinder ow elds
with strong interactions on spray combustion;
Piston reciprocates during combustion process.

rine engine were used.
to the spray.
Dicult to achieve representative pressuretemperatures of a diesel engine, with compression
ratios needing to be higher than 17:1 to account
for the cooler cylinder head and piston surface Diesel engine pressure-temperature ranges can be
temperatures. High piston speeds (10m/s) are represented entirely.
used to obtain a representative temp. level, which
requires high piston deceleration. Intake charge
is heated to reduce mentioned e ects.

size and axial clearance to achieve typical Single sprays can be studied only due to the narby piston bowl radius; typically does not Bore
diesel
engine compression ratios usually provide row con nement provided in the cylinder head.
Free spray pene- Limited
55mm; beyond 55mm spray-wall or spray- a relatively
large chamber volume in comparison Larger chambers could be provided if a large matration distance exceed
spray interactions occur

Type of optical ORE
test rig
Optical accessi- AVERAGE
bility
Similarity to real HIGH
engine
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VERY HIGH
LOW

VERY HIGH

LOW
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Summary

Test facility volume
Time to switch
between operating conditions
Time between
tests (s)

Flow eld impact on combustion

Widest range of pressure and temperatures can
be achieved through control over initial pressure, temperature and composition of pre-charge.
Temperature and pressure also decay with time,
allowing fuel to be injected when suitable conditions are reached. Relatively rapid switching
between conditions.

GOOD

LOW

VERY HIGH

CVPC

Table 3.16: Assessment of non-piston based optical research rigs (Content summarised from Baert et al. (2009)).

Can be accurately determined.

Control through altering pre-charge composition.
Also allows various levels of simulated EGR.
Charge temperature in-homogeneity can be
larger than an engines. Also fuel/air mixing and
pressure histories during combustion are di erent
AVERAGE
LOW
to an engine due to the absence of walls, piston,
and other spray interactions.
Cell
volume
is
limited
to
keep
thermal
inertia
at
AVERAGE
HIGH
acceptable levels.
to switch between conditions is relatively
Due to low thermal inertia, time for rig to settle Time
quick,
however the time between tests at the same
AVERAGE
to di erent temperature levels is long.
condition is not.
1{3
60
600
Facilities tend to be large; Continuous use of Use and/or development of these heated cells is
clean air compressing equipment and heaters cre- declining due to the development of the similar
ates expensive operation costs.
constant volume pre-combustion cell.

Control
over
trapped
gas HIGH
composition.

GOOD

CVHC

CPFR

40-45mm
Due to low thermal inertia, time for rig to settle to di erent temperature levels is long; Injectors reach higher than normal temperatures and
Control
on Limited upper pressure and temperature levels; need to be cooled which can set up temperatrapped
gas Signi cant time needed for ow and rig to adapt ture gradients; Due to small volume, the chamber
walls temperature can e ect combustion. Howpress./temp.
to new target temperature levels.
ever modern designs rely on heating the charge
in a separate vessel to avoid this. Temperatures
of 750-850K can be achieved.

Type of optical
test rig
Optical accessibility
Similarity to real
engine
Free spray penetration distance
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In the previous section a design brief is outlined. At the

rst stage of any design

process, the number of solutions to the brief are open and many concepts or ideas
can be formed.

Therefore, a philosophical approach was required at the early

stage whereby ideas and concepts were critically assessed and design features
were systematically justi ed/argued to help narrow down the options.

In the

rst instance, as the rig being developed will contain pressurised components,
it was deemed that the initial approach should

rst consult the relevant British

Standards, and in the process this step will help narrow down design possibilities
and comply to health and safety standard. In this case the BS5500 Speci cation
for un red fusion welded pressure vessels set of standards were determined to
be appropriate to help de ne the early design process (BSI, 2006). Within this
document were speci c guides as to the exact material grades that could be used in
construction and the design calculations to be used in determining wall thickness
and bolt loading requirements. Therefore, with this document as a guide it was
determined that the basic design would be that of a heavily modi ed cylindrical
pressure vessel type rig so that the BS5500 design guide could be adhered to.
Following the philosophy that British Standards compliance and health and
safety were of paramount importance, thought was then put towards what the
correct approach to optical accessibility should be. The brief stipulated that the
entire diesel spray combustion region should be observable, and there should be
great versatility in the type of optical diagnostic techniques that can be applied.
With the literature review aiding decisions, it was decided that four large orthogonal windows would o er the most versatile con guration, enabling laser sheet
diagnostics, backlight illuminated photography and also PDPA. At this point, a
cost analysis was required to check the validity of this con guration with regards
to the project budget, with the cost being weighed up against the potential bene ts. It was found that four large diameter windows would be a signi cant cost
to the project, however this was weighed up against the fact that the four windows avoid any further modi cations on the rig in the future when other optical
diagnostic techniques are applied. With the optical con guration and cylindrical pressure vessel container decided upon an obvious form factor and simplistic
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concept that incorporated the two was drawn up.
This early form factor for the rig began as a cylindrical stainless steel pressure
vessel with four orthogonal windows mounted within the vessel. The stainless
steel cylindrical pressure vessel would be simple to design as British Standards
for pressure vessel design could be used as a guide, and also the manufacturing
process would be simple. Simultaneously using the design guide would satisfy the
design brief requirement of building the rig to the required standard. With a form
factor settled on, further details such as the orientation and siting of the vessel
and how the fuel/gas injection systems would be incorporated were considered.
The vessel was to sit vertically on a workshop table, and the injector would be
centrally mounted in the top end cap, with the nozzle tip protruding into the
centre of the vessel. Four orthogonal quartz windows allow optical access into
the chamber by a wide range of angle and also creates versatility in that every
optical diagnostic technique has the potential to be applied.

To enable high

temperatures, an electric heater was to be placed centrally inside the vessel to
heat the air within and the stainless steel vessel was to be lined with refractory
or a thermally insulating material with holes cut in to allow the window access.
However, this basic design breached the design brief on numerous points and
various design aspects were later ruled out for the following reasons:

 Quick accessibility to the vessel internals for changing of the injector or
cleaning of the windows would not be possible. To clean each window, they
would either need to be taken out individually, or the top end cap which
would feature the injector and all its feed lines alongside the rig gas feed
lines would need to be removed in a time consuming process. Furthermore,
the end cap would be heavy, requiring a complex winch system to lift o
and place on slowly.

 Vertical temperature gradients would be set up within the rig, with the
heater located at the bottom, and a mix of di erent exposed materials
within the chamber, i.e. the thermal insulation material, the quartz windows, and the stainless steel body.

 Every spray/combustion event would deposit products directly onto the
window, thereby increasing need for cleaning and reducing experiment time.
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Heating of static air inside the vessel would take long time.



Dicult to nd heating components capable of withstanding pressure.

Even though this initial design was rejected, it served as a useful thought
process tool with which to visualise what aspects of the rig have the potential to
signi cantly increase experiment time, e.g. as mentioned before the removal of
heavy endplates.
3.4.1 Design evolution

As mentioned in the previous section, an early idea was to have an outer stainless
steel tube construct in order to hold a high pressure gas, which was lined by
an inner refractory material or heat insulating construct to protect the outer
stainless steel tube from high temperatures. In the early concept a heater was to
be placed within the rig, however, in considering the reasons for ruling out the
early concept this idea was changed and instead high temperature gas was to be
fed into the chamber by prior heating of the gas, as opposed to heating of the gas
in the chamber itself.
This idea then evolved into a concept in which the insulating material was
moved away from the outer stainless steel walls in order to provide a gaseous space
between the interfaces to act as further insulation between the high temperature
core of the chamber and the walls. As mentioned in the early concept the four way
orthogonal optical access aspect was decided due to versatility and also as laser
sheet diagnostics methods and high speed digital photography were identi ed
as the techniques that will be applied predominantly to combustion and spray
studies on the rig.
These four optical access holes were to be bored into the sides of the tube to
provide optical access to the core. This would have meant that large holes would
be required to be cut into the high temperature resistant refractory material
for optical access thus impairing the heat retention e ect, whilst also perhaps
inducing thermal strati cation due to the di erence in temperature of the charge,
refractory, and windows. Further to this, the optical windows would be exposed to
fuel vapour and combustion products, which could condense or build up rapidly
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on the window surfaces if the windows were cold. Such a con guration would
therefore require undesirable regular cleaning of all exposed windows between or
midway through tests. With this in mind the stainless steel tube was decided to
be placed horizontally, with only two opposite facing holes located along the tube
for optical access, and then another 2 windows would be placed in each end-cap.
As the tube length is longer than the diameter, the windows in the end-caps are
further away from the center of the tube where the spray was determined to be,
thus removing direct deposition of spray onto these windows. Also, by placing
the tube horizontally, the heavy endplates would not require vertical lifting, and
instead it was envisioned that they could simply slide away via a smooth linear
slide mechanism that supports the plates.
Finally, a decision was made to replace the refractory material with an optical
quartz tube that would be clamped tightly between a platform on which it rests
and a lid to enclose the top and this tube would not need to have any holes cut
into it to provide optical access to the spray combustion environment. The tube
essentially formed a smaller quartz chamber which would be placed within the
center of the stainless steel tube, and will form the part of the chamber which
retains the high temperature gas into which fuel is injected, thus also avoiding
the need to remove deposits from all four windows. Therefore the nal design
is described as a chamber within chamber design. Subsequently, the option to
have this inner quartz chamber perfectly sealed from the outer chamber arose but
was decided against as a limited amount of gas transfer from this inner chamber
to outer chamber would avoid the precision control requirements of maintaining
pressure di erentials between the two chambers to avoid quartz breakage, but yet
would allow sucient heat retention for diesel and allow a pre-combustion event
to expand and be absorbed into the outer chamber volume. Following the buildup
of the concept to this stage, the main assembly alongside other components were
considered cyclically in more detail for the production of a nal CAD model, with
xed dimensions, tolerances. Simultaneously material was sourced and manufacturing routes for each individual component was nalised. The details of this
nal construction are presented in the following section.
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3.5 Details of construction
Figure 3.15 shows a thick walled (50 mm) stainless steel 304 tube which comprises
the outer chamber whilst a smaller diameter thin walled (7 mm) quartz tube
forms the inner chamber. Rather than heat the walls to achieve elevated gas
temperatures, the gas is heated enroute to the chamber by an inline gas heating
torch. The hot gas only enters the inner quartz tube chamber which has the
function of retaining the hot gas within. The outer stainless steel vessel surrounds
the inner chamber with cold gas as the medium in between the two chambers and
essentially acts as an insulating jacket. It is lled with unheated gas to the same
pressure as the gas in the inner chamber to prevent excessive pressure di erentials
resulting in the shattering of the thin walled quartz. In actuality the function of
the inner chamber is multifaceted and listed below:
i reduces the thermal inertia and volume of the test region which allows
for rapid cycling between tests and rapid achievement of test condition
temperatures.
ii reduces thermal losses/heat transfer to the metal surroundings thus maintaining test conditions for longer periods.
iii prevents coating of the four axial windows with fuel vapour deposits. Therefore instead of cleaning the four axial windows during frequent tests, the
fouled inner quartz cylinder is removed quickly and replaced with a clean
one, thus reducing experimental time.
The inner quartz chamber is discussed in more detail in section 3.5.6.
In total the rig in its entirety consists of six to eight separately designed
components, each of which have individual purposes. These components which
are described in the following sections include:


A stainless steel outer vessel which has been bored out and machined with
4 large diameter threaded orthogonal ori ces to accommodate modules.



A threaded module for gas injection.
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A threaded module for gas exhaust, ow control and charge bleeding.



A water cooled mount within which a fuel injector of any geometry can
reside.



An internal quartz chamber, which is clamped in place by a spring loaded
platform



Two large diameter end caps, with a bolt loading speci cally calculated to
avoid prolonged bolt torquing and loosing events between tests.

3.5.1 Optical pathways

As stated in the previous discussion on design philosophy, the capability to observe as much of the combustion environment as possible from many di erent
viewing angles is an important asset in order to apply di erent optical techniques
and avoid future modi cations to the rig. As a result much of the dimensioning
of various components of the rig owe itself to this desire of having optics that
optimise visualisation of an unimpeded diesel spray combustion event. Therefore, some initial factors were taken into consideration when rst determining the
dimensioning of the chamber and optical windows and these were as follows:


In the extreme case, for a heavy duty diesel engine a spray can travel unimpeded by the wall for 100 mm (Baert et al., 2009), whilst a typical light
duty application engine bore will allow up to 40 mm of spray penetration
(Birgel et al., 2011). Therefore, the rig must allow unimpeded spray penetration within these 40 mm and 100 mm limits, whilst also allowing visual
observation of the spray which does not su er from wall temperature e ects
as outlined in the design brief.



Diesel injectors feature more than 5 ori ces, each injecting fuel into the
chamber. Depending on the type of valve used the ow of fuel through
each ori ce can be uneven, and therefore it is often bene cial for certain
studies to visualise all spray plumes simultaneously, rather than assuming
symmetry. Therefore, it is desirable to ensure the windows allow for full
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imaging of all sprays up to a reasonable unimpeded penetration length for
study.



The quartz tube will refract the path of light going through it such that the
image plane will be slightly distorted. Due to this it is desirable to ensure
the tube diameter is suciently large so that extreme refraction is re

ned

to the unused edges of the imaging plane.

As a starting point to determine a suitable size for the inner quartz tube that
would satisfy the above
also satisfying the above

rst two points to allow suitable spray penetration, whilst
nal point, which was to ensure the optic pathways were

not disturbed, various quartz tube manufacturers were contacted to con

rm what

sizes of tube were stocked. Through this process of contacting suppliers, it became
apparent that thin walled quartz tubes less than 150 mm in diameter were costly,
dicult to machine and also optically polish, however larger diameter 200 mm
diameter tubes were more readily available at a lower stock price. The 200 mm
dimension of the quartz tube would be suitable for allowing visualisation of an
appropriate length of spray penetration, whilst also avoiding wall temperature
a

ects onto the spray, however the optical aberration caused by the curvature

of the tube needed to be checked.

Using this dimension as a guide, a ray path

analysis was undertaken using the OSLO LT ray tracing software, to determine
whether the tube would be a suitable size for the inner chamber and the results
of this analysis is presented in

gure 3.13.

Figure 3.13 shows parallel rays of

light coming from the left of the image and passing through the 200 mm outer
diameter and 186 mm inner diameter quartz tube, and then passing through a
quartz window of the rig's outer chamber.

From the image it can be seen that

the further away from the centre line the ray paths are, the higher the change in
angle of the rays due to the increasing incidence angle of the tube surface that the
rays interact with. However, within the actual window viewing frame, as shown
by the quartz window drawn and labeled in

gure 3.13, it can be seen that the

level of angular change is of a value that will not severely distort imaging and the
amount of measurement correction required is negligible.

Therefore, this tube

with the diameter dimensions discussed above, was determined to be suitable for
our application.
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For the length of the tube, a similar dimension that depending on injector
orientation, allowed a spray penetration of 100 mm without being perturbed
by wall temperature a ects was desirable. However, with the diameter of the
tube now xed, the tube length selected would impact the selection of the outer
stainless steel chamber inner diameter dimension that this inner tube would need
to reside in. For example if the tube length selected was set to be 100 mm, the
outer stainless steel tube would need to have a minimum inner diameter of 250
mm to contain the 200 mm by 100 mm inner tube, alongside other components
such as the threaded components/modules discussed in the section on Details of
construction. Furthermore, the selected internal diameter of the stainless steel
chamber would be used in the design calculation for the wall thickness of the
chamber, which determines the stainless steel vessels outer diameter and this
outer diameter dimension is important as it determines the overall size of the rig,
whether it can actually be sourced from suppliers, and if it is possible to t onto
the available workshop equipment for machining. With this in mind, an iterative
process took place until a dimension for the length of the inner quartz tube
that suited visualisation but also enabled an outer diameter of the stainless steel
vessel that was available from suppliers and could also be machined in-house, was
found. As a result of this iterative dimensioning process, the quartz tube length
was determined to be 150 mm.
3.5.1.1

Selection of window material

A major aim of this rig was to allow visual observation of the spray combustion
event in the chamber, whilst also allowing for the versatile application of laser
diagnostic techniques, and therefore, it was vital that the selected window materials re ected this. The laser techniques discussed in the literature review of this
thesis, and the events that would be observed are in the visible light spectrum
(400 { 700 nm), therefore once the window dimensions had been xed, quotes
were obtained for di erent window materials that allowed transmission of light in
the visible light spectrum range. Figure 3.14 shows the percentage transmissivity
of light for di erent wavelengths for two materials that could be obtained from
the suppliers; the materials obtainable were Spectrosil and Vitreosil material,
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Typical transmission of Spectrosill' 2000 series fused silica
(including Fresnel reflection losses for 10 mm pat hiength)
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Figure 3.14: Transmission of light wavelengths for the two different optical window materials
as obtained from suppliers.

3.5.2 Stainless steel outer vessel
The stainless steel pressure retaining outer chamber is by definition a pressure
vessel, therefore in its design it was treated as such. Pressure vessel designers
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Figure 3.15:

Image of stainless steel outer vessel prior to axial boring.

are faced with the option of design by analysis or design by formula. Design
by analysis is often used as an alternative to the design by formula method as
it removes the need for the many assumptions and unnecessary conservatism
seen in current design code formulae (Guerrero et al., 2008). However, it is
only recommended to be carried out by experienced FEA operators familiar with
the boundary constraints and correct meshing techniques for the project, and is
normally used for optimisation work on traditional non-complex pressure vessel
structures (Heckman, 1998; Norton, 1998).
Therefore, due to their inherent conservatism and the fact that this rig is
essentially a prototype, the stainless steel vessel was designed using the relevant
British Standard BS5500 design code and the formulae contained therein. The
thickness for the vessel wall is determined by the pressure of the gas contained
within and the material strength. The stainless steel vessel itself is not intended
to be heated as the inner chamber will retain the hot gas for long enough periods
to conduct spray experiments for the reasons outlined in the Inner quartz chamber
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section 3.5.6.
However, for future versatility and in the scenario that the outer vessel is
exposed for a short period to higher temperatures (for example after proposed
pre-combustion or combustion events where temperature decay to low levels is
often rapid), the outer vessel should be designed to withstand limited high temperature gases. In this scenario, it is important to take into account the following
advantages of this rig with regards to operational and safety considerations:



the outer stainless steel vessel is large and therefore the heat/energy loss
from the gas to the metal would be signi cant in a short period of time.



in relation, the heat transfer from gas to vessel occurs over a large surface
area so the temperature is also likely to be widely dissipated, thus reducing
any local thermal stresses.

Nonetheless, as the vessel is to retain high temperature gas, it is important to
take into account temperature e ects onto the strength of the material used. The
British Standards 5500 code for the design of pressure vessels stipulate that only
certain grades and sources of steel or stainless steel may be used in pressure vessel
manufacture. Furthermore, for situations where heated gases are likely to be encountered various grades of stainless steel are recommended. Of those grades and
also for the dimensions needed, stainless steel 304 was the most readily available
in the UK, and this material was therefore selected for use. Data on stainless
steel 304s yield strength variation with temperature was obtained and plotted
as shown in

gure 3.16. Values for the yield strength could only be found for

temperatures up to

1000 K. The yield stress variation for temperature shows a

non-linear decline in strength as temperature increases. From ambient temperature to about 500 K the decline is steep, but the strength is still comparatively
high for this application. After this temperature the declining strength gradient
reduces such that there is only a small drop in strength between 600K to 800 K.
After 800 K the gradient of decline can be seen to start increasing again. Beyond
1000 K, the existing data was extrapolated as shown by the dashed line in

gure

3.16, in order to show how the strength would further decline in a steep manner
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although it would be unwise to use the extrapolated data in any calculations as
a result of the demonstrated non-linearity.
The eventual design strength used in calculations to work out the pressure
vessel wall thicknesses and dimensions was selected to be the stainless steel 304
yield strength at about 800 K. The wall thickness obtained from the BS5500
calculations was used as a minimum wall thickness which the vessel had to be
designed to for safety and the avoidance of wall rupture. In actual fact the wall
thickness is slightly larger due to taking into account various safety factors and
also the need of adding the threaded axial bosses which are discussed later. The
design pressure used in the thick walled pressure vessel wall thickness calculations
was 100 bar, although with the safety factors included in the calculations and
the extra wall thickness as a result of the threaded bosses, the actual capable
operating pressure of the rig is possibly higher.
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Figure 3.16: Graph showing stainless steel yield strength variation with temperature.
The nal dimension of the stainless steel outer vessel were 400mm OD, 300mm
ID and 350mm in length. Four large threaded orthogonal holes are located centrally along the tube axis as shown in gure 3.17. Three of these holes share
the same dimensioned thread, which was decided to initially reduce tooling costs
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as well as for potential design bene ts. Within these holes, threaded inserts, as
shown in gure 3.18, are placed, as shown in gures 3.19 3.20, and thus the three
inserts that share the same thread can be interchanged. Two identical inserts
are placed laterally and are used to contain a pair of orthogonal quartz windows,
the dimensions of which are discussed in the following section. The top mounted
insert is designated as a gas injection boss. The bottom mounted insert is smaller
in diameter and thread than the other three inserts and is designated as the ejection boss for the gas/fuel mixture. Each boss is sealed via a surface mounted -ring
that sits on a shoulder as shown in gure 3.19. The bosses are discussed in section
3.5.3, which follows the next section explaining how the window dimensions were
calculated.

3.5.3 Threaded Bosses
3.5.3.1

Gas Injection & Ejection Bosses

Figure 3.19 shows a cross section of the chamber with the gas injection/ejection
bosses in place, whilst gure 3.20 shows an assembly drawing demonstrating the
bosses as they t into the outer stainless steel vessel. Figure B.1 in appendix B
shows a top perspective of the injection boss before insertion with its injection
and sensor hole locations on display. Ten radially located holes are drilled through
the edge of the insert. Eight of these holes are equi-spaced and lined with alumina
ceramic to reduce heat transfer from the gas to the metal. The holes are used for
the evenly distributed and unrestricted injection of gas. The 2 remaining holes
are designed to take a thermocouple and a pressure transducer, which are used
to measure the pressure and temperature of the inner chamber. A large ori ce is
located in the centre of the injection insert for a module called the water cooled
injector mount seen in gure B.7 in appendix B and described in section 3.5.5.
Figure 3.22 shows an image of the gas ejection module, which consists of a
boss and ange as shown in the engineering drawings presented in gures B.4 and
B.3 within appendix B respectively. This gas ejection boss is designed to take a
module designated the spring loaded quartz platform within its bore as shown in
gure 3.19, whilst the ange for the ejection boss has a large diameter, centrally
located threaded ori ce to allow for the attachment of a tting and the pipe work
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Figure 3.17:

Image of stainless steel outer vessel with axial holes bored and tapped.
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Figure 3.18:

Side-view image of threaded boss/insert.
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Figure 3.19:

2D and 3D cross sections through a CAD model of the high temperature, high
pressure optically accessible chamber.
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Figure 3.20: Rig assembly drawing.
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Figure 3.21:

Image of gas injection boss.

8 gas injection holes can be seen on the boss

periphery alongside 2 more hole to retain sensors.

Figure 3.22:

Image of gas ejection boss
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leading to an exhaust valve. The gas exit ori

ce needs to be suciently large so

that it allows emptying of the pressure vessel within a very short period of time
if required or if a condition deemed dangerous to the operator is reached.
To calculate the time emptying the vessel from 50 bar (proposed maximum test
pressure for the rig) would take, the choked and un-choked mass

ow equations

were used. It is known that if the pressure ratio of upstream (vessel pressure) to
downstream (vacuum/ambient pressure) is suciently large enough, the

ow is

choked until the upstream to downstream pressure ratio becomes less than the
critical pressure ratio of 0.528 (for air where

=1.4) (Heywood, 1998). Therefore,

until the pressure ratio becomes less than the 0.528 critical pressure ratio, the
mass

ow rate is independent of the downstream pressure, and only once it falls

below the critical value does the downstream pressure begin to a
rate.

ect the mass

ow

For the emptying from 50 bar vessel conditions, the downstream exhaust

pressure was assumed to be a constant local ambient pressure of approximately
1 bar and resultantly the

ow is choked all the way until about 1.89 bar vessel

internal pressure, at which point the un-choked equations are used to calculate
the mass

ow rate.

Given the above assumption, numerical calculations were

carried out to estimate the time taken to empty the vessel for any given ori

ce

size, the procedure for which is demonstrated below:
Starting with 50 bar (typical maximum small cylinder diesel engine pressure)
in the vessel the ratio is 50:1 and therefore choked.

So using the choked

ow

equation:

mchoked

=

CD AT Po
R To

p

 
1
2



2

 2( +11)
(3.1)

+ 1

Where the terms in the equation 3.1 are:
After inputting the variables above we get a mass

ow of 2.225 Kg/s.

If

we subtract that amount from the original mass of gas within the vessel, we
obtain the mass after one second of emptying which is very little due to the
high mass

ow. From the new mass we can calculate the new upstream pressure

(pressure of vessel), which is 3.2 bar for which the mass
Kg/s.

Sometime between the 2nd and 3rd second the
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ow becomes un-choked
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Area (m2) 3.14E-04
Cd 0.6
1.4
R 287
To (K) 293
P downstream (Pa) 1E05
Volume (m3) 4.00E-02
Mass in chamber (kg) 2.38
Po upstream (Pa) 5E6
and the vessel empties to atmospheric pressure. Figure 3.23 produced below,
shows the depressurization curve for a vessel lled up to 50 bar (5MPa) emptying
its contents through a 20 mm ori ce.
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Figure 3.23: Graph indicating vessel emptying time and mass ow rate.

The numerical calculation shows that it takes just over 3 seconds to empty the
vessel from 50 bar to atmospheric conditions, which is judged to be a reasonable
emptying time for experimental and emergency evacuation purposes. To meet
this requirement an 1" BSP tting has been chosen to attach piping to the exit
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point of the vessel, the bore of which is large enough so as not to restrict the ow
of exiting gas.
The next step is to determine how long the vessel will take to ll so an idea of
experimental setup time can be known. The lling time is e ectively controlled
by the mass ow of gas at the start of the process. The mass ow of gas coming
out of the Nitrogen canister at a regulated pressure of 50 bar is restricted by the
size of the bore on the nozzle attachment to the can. These, by default, are 4 mm,
and as the systems' maximum ow at a given pressure will be governed by the
diameter of the smallest ori ce, this can be used in the estimation of lling time.
Again, using the choked/unchoked ow equations, the time to ll the vessel from
and this is shown in gure 3.24 for a range of Nitrogen gas canister regulated
supply pressures.
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Figure 3.24: Graph indicating vessel lling time and mass ow rate.

Figure 3.24 also shows a graph of the mass ow rate of the lling procedure
and demonstrates that the ow is choked at the start of the lling procedure
until the chamber pressure increases to the point that the critical pressure ratio
is reached and the un-choked equations come into use. The un-choked equation
is shown below:
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Due to the small nozzle size of a BOC Nitrogen gas
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(3.2)

o

tting, the time to

ll is

relatively high compared to the emergency emptying time, but still acceptable.
Note that this 50 bar, ambient temperature scenario shows the longest possible
theoretical

lling time.

As the mass

is set by the smallest ori

ow that can enter the vessel for purging

ce that gas has to

irrespective of how large the ori

ow through in the system, i.e.

ce for gas entering the pressure vessel is (as long

as its larger than 4 mm) then we can have any number of entrance holes. In this
case we have selected eight gas entry holes in the injection boss. This is desirable
as it enables an even gas
enters through the ori

ow and spatial distribution in the test region. The gas

ces at a distance of about 100 mm away from the injector,

so droplets within this distance are thought not to be in
caused by leakage or gas

3.5.3.2

ows in the ori

uenced by gas movement

ces.

Quartz window bosses

To enable excellent viewing of the diesel spray combustion event, suitable window
diameters needed to be selected.

The decision for dimensions was based on the

desire to view a penetrating diesel spray up to a typical distance of spray travel
that can be seen in large heavy duty diesel engines (around 100 mm). Although
this study would focus on light duty diesel applications, the possibility of heavy
duty studies taking place in the future needed to be accounted for. As mentioned
previously in the sections on Optical Pathways and the Stainless steel outer vessel,
the stainless steel vessel dimension was

xed to having a 400 mm outer diameter

and a 300 mm inner diameter, a principle reason for which was to accommodate
the inner quartz tube and other modular components.
xed, it became clear that

With these dimensions

tting windows into the outer vessel larger than 100

mm in diameter would be entirely possible.

In this case the size would only be

limited by the size of the mounting bosses/threaded modular inserts.
Figure B.5 in appendix B shows the insert used to contain the quartz windows
located in the stainless steel vessel sides. As the vessel was designed to purposely
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have three insertion bosses of the same thread and bore size to enable future
con guration changes, these two window bosses have the same size as each other
and also as the gas injection boss. Therefore, with these general boss outer
dimensions being xed, the internals were designed to accommodate the largest
possible window diameters, which in gure B.5 can be seen to be 140 mm. As the
bosses have a 10 mm shoulder for the windows to sit against, a viewing diameter
of 120 mm is given. Two diametrical O-ring grooves are located in the boss to seal
the windows. All viewing windows are sealed diametrically with O-rings around
the circumference, similar to a piston seal in an engine cylinder. This type of
sealing means machined tolerances for the diametrical gap between the quartz
windows and bored holes in the metal window mounts must be within very tight
limits for the O-rings to e ectively seal between the two. However, this sealing
method also works as an advantage as the quartz windows are not tightly clamped
or constrained as there is still space between the quartz window and the bored
hole which contains it. Considering the windows within this rig will experience a
wide range of stresses including possible thermal expansion of the metal placing
a stress onto the quartz, this sealing technique is highly bene cial.
To prevent the windows being pushed out of their mounts during pressurised
conditions, a ring retainer is bolted to the mounts to keep the windows in place.
A 1.5 mm soft cork gasket sits between the quartz window surface and the metal
shoulder of the window bosses and another is used between the opposite quartz
window surface and the window retainer ring. Finally, one of the pair of window
bosses has a 3 mm hole drilled into it which retains a thermocouple for vessel
wall temperature measurements.

3.5.4 Quartz window thickness calculation
In order to calculate the minimum thickness required for the quartz windows,
equations 3.3 and 3.4, taken from Young (1989) and used for window thickness
calculation in a similar optically accessible pressure vessel rig by Loustalan (2006)
were used.
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t

=

r

6M
UT S

(3.3)

2
= 8P:r
(3.4)
In equation 3.3, the t, M, and UT S , represent the minimum thickness of the
window, the maximum moment experienced by the window and the ultimate
tensile strength of the material respectively. To calculate the M, moment term
of equation 3.3, equation 3.4 which gives the moment experienced at the edge
of a clamped disc, was used. In 3.4, the P, and r terms represent the pressure
applied to the window and the window radius. Once the minimum thickness was
calculated, the value was multiplied by a safety factor of 4, which was determined
by consultation of various suppliers of quartz for high pressure applications, and
re ects the fact that half of the actual material ultimate tensile strength is used
and the minimum thickness is doubled. Upon calculating the minimum thickness
required, quartz suppliers were contacted and it was found that at the window
diameters requested, the thickness required for this study's application would not
add further cost and slightly thicker windows could be supplied. As a result the
nal window thickness's for the windows sited in the main vessel were 90 mm,
and the thickness for the larger diameter windows located in the end caps were
100 mm.
M

3.5.5 Water cooled injector mount

The water cooled injector mount can be seen in-situ in the cross-section of the
chamber shown in gure 3.19 and outside the chamber in the image shown by
gure 3.25, which also shows the injector module and clamp. Figure B.7 of
appendix B shows the engineering drawing for the water cooled injector mount,
where the cavity allowing water to circulate the injector module, thereby cooling
the injection boss and injector module, can be clearly seen. A large bore in the
center of this module is machined for a fuel injector module to be clamped inside.
The module for the injector can therefore be easily customized for various injectors
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Figure 3.25:

Image of water cooled injector mount, injector module, and injector module

clamp.

Figure 3.26:

Images of injector module with injector.

from di erent manufacturers. Figure B.8 in appendix B shows the injector module
design used for this research. The water cooled injector mount is pulled upwards
and clamped to the injection boss by the injector module clamp as seen in
3.25 and shown by the engineering drawing in

gure

gure B.9 in appendix B. The

injector module clamp also serves to load a force on the injector module shown
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Figure 3.27:

Image of injector module with injector, water cooled injector mount and injector

module clamp assembly.

in

gure 3.29, so that a seal on the O-rings occurs.

Figure 3.27 shows a series

of images demonstrating the assembly of the water cooled injector mount insert
and clamping mechanism.
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200 mm

150 mm

Figure 3.28:

Image of the quartz cylinder.

3.5.6 Internal quartz chamber of the vessel

The high temperature gas is injected into a loosely sealed quartz chamber inside
the thick walled pressure vessel as shown in gure 3.19. The quartz chamber comprises of a 7 mm thick, roughly 200 mm diameter quartz tube clamped between
two thermally insulated surfaces. The top surface onto which the quartz cylinder
is clamped against is the base of the water cooled injector mount shown in gure
B.7 in appendix B. The quartz itself sits on a spring loaded platform shown in
gure B.10 in appendix B, where the spring provides the clamping force. The
metal surfaces clamping either end of the quartz tube will be covered by a high
thermally insulating material. The large OD of the quartz cylinder negates any
wall temperature e ects, wall impingement and quenching e ects on the diesel
sprays. Furthermore, the gas is injected near the perimeter of the quartz cylinder
to ensure that ow e ects near the centrally mounted injector are minimized and
also that the temperature of the quartz elevates to avoid condensation build up.
Gas ejection from the vessel occurs through a large diameter alumina ceramic
lined (20mm ID) ori ce located centrally in the spring loaded quartz platform to
allow rapid emptying of the vessel. Downstream ttings and valves were selected
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Figure 3.29:

Image of inner quartz chamber assembly.

so as not to further restrict the ori ce diameter. The exhaust ori ce is located
centrally at the bottom of the quartz cylinder to enhance air and fuel vapour
scavenging. The gas enters the top of the quartz cylinder at its edge and should
ow along the quartz tube inner surface into the bottom corner of the tube and
then out through the central hole thus removing any vapour layers at the edges
of the quartz tube.

To ensure pressure to both the inner and outer chamber

is the same, the gas is supplied from the same canister and regulator.
gas

The

lling the volume outside the inner quartz cylinder bypasses the inline gas
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heating system so that the chamber is lled with a cooler gas. Entry to the outer
chamber is made available through a tting in the endplate. The nal pressure of
both the inner and outer chamber is desired to be equal is to prevent a pressure
di erential across the quartz cylinder forming and causing it to shatter. Hot
gas leaking past the quartz cylinder to heat the stainless steel walls is not a
concern as leakage pathways are small sized and as gas passes through pores in
the thermally insulating mat, cooling due to gas expansion will occur. However,
movement of cold or hot gas from one volume to the other is still desired to be
kept to a minimum. Therefore a very low pressure di erential across the cylinder
is required during the lling process to ensure the gas di usion rates across the
boundaries are low. To achieve this, the pressure inside the quartz cylinder and
in the outer volume will be monitored and the ow rates adjusted using a needle
valve so that the pressure di erential over the lling time is kept within acceptably
low limits.

3.5.7 End plates
The endplate thicknesses were calculated using formulae from BS5500 and the
same design parameters selected for the stainless steel cylindrical vessel were used.
The endplates are designed to contain a 170 mm OD, 95 mm thick quartz window
as shown in gure B.11 of appendix B. The sealing mechanism for the windows
is identical to that of the laser windows, discussed previously.
It was determined that at least one of the end plates of the rig would have to
be removed frequently during experiments in order to maintain the rig internals
and clean the four axial windows or inner quartz tube. A reduced bolt number would facilitate the endplate removal time. Numerous bolts would achieve
a safe pressure tight seal for the pressure vessel, however the time taken to ensure all bolts were fastened, loaded evenly and torqued was foreseen to be too
excessive. As a result iterative bolt loading calculations were undertaken to determine which bolt size, bolt strength and pitch circle diameter which all had
to fall within previously determined dimensional constraints would provide the
minimum number of bolts to seal against the vessels working condition safely.
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The calculation is described in the section below using equations from British
Standards (BS) 5500:2006 (BSI, 2006).
If we denote the required minimum bolt load to withstand 100 bar (10 MPa)
pressure as W m1, then from the British standards:

Wm = H + HR

(3.5)

H = 0:785G P

(3.6)

HR = Mhr

(3.7)

1

Where W m1 is the minimum bolt load; H is the total hydrostatic end force;
and H R is the balancing reaction force outside the bolt circle in opposition to
moments due to loads inside the bolt circle.
H is given by the equation:
2

where G is the assumed diameter of gasket load reaction - i.e. the selected
O-ring average diameter; P is the design pressure (in this case 10000000 Pa); H R
is given by the equation:

M is the balancing radial moment in the

ange along the line of bolt holes

given by:

M = H D hD + H T ht

H D is the hydrostatic end force applied via shell to the
HD = 0:785B P
2

by:

(3.8)
ange given by:
(3.9)

where B is the inside diameter of the ange.
h D is the radial distance from bolt circle to circle on which H D acts, given
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hD

= (C 2 B )

(3.10)

=H

(3.11)

where C is the bolt circle diameter.
H T is the hydrostatic end force due to pressure on ange face, given by:
HT

HD

h T is the radial distance from bolt circle to circle on which H T acts; given by:

= 2C 4B G
(3.12)
h R is the distance from the bolt circle to the circle on which H R acts, given
hT

by:

hR =

(K

2

C)

(3.13)

where K is the outside diameter of the ange.
Using all the above we can calculate W m1. Once we have the bolt load
requirement, we can work out the total cross-sectional area X m1 of bolts required
for the operating conditions and chosen bolt design stress using the equation:
Xm1 =

Wm1
Sb

(3.14)

Thus if the total area is divided by the root area of a bolt of given diameter
(e.g. M24) then the number of bolts of that size required can be obtained:
Number of bolts required =

Xm1
Bolt root area

(3.15)

Note: O-ring dimensions come in standard sizes so before starting calculations
some o-ring sizes were picked out to t outside of the vessel internal diameter,
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and well within the bolt hole diameter. Bolts of grade 12.9 were selected to be
used, which has an ultimate tensile stress of 1200MPa.
Various possible combinations of di erent bolt diameters and o-ring sizes were
put through the above equations via a spreadsheet and some of the scenarios are
shown in table 3.17. The nal selected scenario is shown highlighted in the table.
Two extra bolts were added to the required six needed for scenario 4, to facilitate
sealing.

3.5.8 Vessel mounting structure and endplate removal mechanism
The estimated weight of one endplate was calculated to be 60 kg, when assembled.
The entire assembled rig was estimated to weigh between 300-400 kg depending
on its con guration and added components (e.g. ttings, valves e.t.c.). Therefore
a custom mounting structure was required to be designed which could withstand
the rigs weight. Secondary requirements of the structure were: i) to provide easy
access to all the vessels features such as the gas ejection boss which needs to
be removed prior to removal of the clamped quartz window; ii) allow for space
around the rig for optical diagnostic tools to be positioned without obstruction;
iii) facilitate endplate removal in a safe manner via a lockable linear slide. As
with all other parts of the rig cost reduction was also an issue. Numerous design
proposals, were drawn up. Some proposals made use of existing structures in the
lab whilst others would require manufacture from the ground up (from "scratch").
Time constraints would play a major role in the design. The eventual structure
as shown in gure 3.30 was decided to be constructed from "scratch", out of steel
square box section (80x80x4 mm), which was shown to be capable of carrying the
rigs loads via an FEA analysis on the box section. The structure is held together
by a combination of bolts and welded joints. A section on the underbelly of the
thick walled vessel was sheared at so that it would sit rmly on the box section
and 12 mm bolt is used to attach the vessels underside to the structure and stop
the structure rolling. The custom made linear slide for endplate removal is shown
in gures 3.30 without the endplate and in gure 3.31 with the endplate mounted.
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319.3
325
0.322
0.3
0.36
0.4
1200
24
3.24E-04
10
8.15E+05
7.07E+05
0.03
1.08E+05
0.024
2.38E+04
0.02
1.19E+06
2.01E+06
0.002
5
72

319.3
325
0.322
0.3
0.36
0.4
1200
27
4.30E-04
10
8.15E+05
7.07E+05
0.03
1.08E+05
0.024
2.38E+04
0.02
1.19E+06
2.01E+06
0.002
4
90

45

8

0.003

3.18E+06

2.26E+06

0.01375

3.11E+04

0.026

2.12E+05

0.03625

7.07E+05

9.19E+05

10

3.24E-04

24

1200

0.4

0.373

0.3

0.342

345

339.3

Table 3.17: Bolt calculation scenarios

Selected O-ring inner diameter (mm)
Selected O-ring outer diameter (mm)
G (o-ring avg diam) (m)
B (inside ange diam) (m)
C (Pitch Circle Diameter/PCD) (m)
A (out ange diam) (m)
Sb (bolt material design stress) (MPa)
Bolt size (mm)
Root area of bolt (m2)
Pressure (MPa)
H
HD
hD
HT
hT
M
hR
HR
Wm1
Am1
No. of bolts required
Bolt spacing angle (o)
60

6

0.002

2.14E+06

1.33E+06

0.01875

2.49E+04

0.026

1.08E+05

0.03125

7.07E+05

815E+05

10

2.82E-04

22

1200

0.4

0.363

0.3

0.322

325

319.3

45

8

0.002

2.14E+06

1.33E+06

0.01875

2.49E+04

0.026

1.08E+05

0.03125

7.07E+05

815E+05

10

2.25E-04

20

1200

0.4

0.363

0.3

0.322

325

319.3

30

12

0.003

3.18E+06

2.26E+06

0.01375

3.11E+04

0.026

2.12E+05

0.03625

7.07E+05

919E+05

10

2.25E-04

20

1200

0.4

0.373

0.3

0.342

345

339.3

Comb. 1 Comb. 2 Comb. 3 Comb. 4 Comb. 5 Comb. 6

3.5 Details of construction

3.5 Details of construction

Figure 3.30:

Image of rig and support structure without endplates attached.
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Figure 3.31:

Image demonstrating endplate removal using the linear slide.

135

3.5 Details of construction

The linear slide allows the endplate to be removed with ease. It features two
locking positions, one that places it in the bolting location and the other that
locks it out of the way of the rig so full access is granted to the inside of the
vessel. The linear slide essential places the endplate on ball bearing runners. A
groove in a polished sheet of steel provides a xed path for the plate to roll. To
ensure that the endplate does not scrape against the sealing o-ring on the vessel
end surface the grooves force the endplate to move out away from the vessel and
then move it to the side.
3.5.9 Flow Instrumentation and safety features
3.5.9.1

Heating system

A novel feature of this high pressure, high temperature cell is the use of an
inline gas heating system as opposed to other common techniques such as precombustion and heating of the cell itself. A Farnam heat torch 5kW heater
that can heat Nitrogen/Air up to 923 K (700 oC) was found to perfectly suit our
application. To achieve the max temperature or even to operate at all without
burnout occurring the heater needed to be operated with a speci c range of ow
rates (0.0068 kg/s to 0.0396 kg/s at ambient pressure). If the ow unchokes then
the mass ow would have dropped until there is no ow thus causing heater coil
burnout. Therefore, it is suggested to always ensure sucient mass ow through
the heater by setting the upstream pressure on the Nitrogen regulator to just
over twice the desired lling pressure so that ow remains choked and steady
throughout the lling process. To maintain further manual control over the mass
ow rate needle valves were installed in line with the nitrogen canisters to ensure
the ow rates are within the heater limits. Flow meters that can withstand high
pressures and temperatures are generally expensive and due to this the actual
ow rate can be back calculated from the rate of pressure rise in the vessel which
is monitored via a Labview program.
The heater comes supplied with a closed loop control panel to maintain and
monitor gas output temperature. A thermocouple is supplied and is used to
measures the gas temperature at the heater exhaust. Also supplied is a ow
sensor, which is placed prior to the heater inlet and functions to automatically
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turn o

the heater in the case of no

ow, thereby protecting the heater from

burn-out. The only issue with the heating system in its current state is that it
is limited to withstand pressures up to 10 bar. To counteract this it is proposed
that the heater shall be placed in a pressure vessel itself, and Nitrogen from
the combustion chamber itself can be diverted into this vessel. This enables the
pressure in the heater container vessel to be equal to the whole system pressure.
Schematics of this have been drawn up, however this is an area of the project
that has been identi ed for further work. Until then the heater can be operated
up to its design limit pressure of 10 bar.

3.5.9.2
The

Flow instrumentation

ow/pipeline instrumentation that is used in the rig is shown in

gure 3.32,

with the corresponding operational procedure shown in table 3.19, which is also
represented as a

ow chart in

gure 3.33.

All instrumentation were sourced

and selected to withstand the conditions they will experience whilst also o ering
full operational convenience and safety at all times. Numerous scenarios were
envisioned and planned for, before settling on the pipeline instrumentation shown.
Obtaining pipeline instrumentation that could withstand pressures of 50 bar and
maintain a seal against temperatures above 200 o C is uncommon in any industry
apart from those catering to super heated steam engineering applications and
these products were not able to be bought within the budget of this project.
Heat-exchangers to cool the high temperature gas before it reached any valves
could not be used due to the 50 bar or more high pressure that will be achieved
by this rig. Furthermore critical safety instrumentation such as burst discs and
pressure relief valves that can operate within the conditions expected of the rig
are few and far between. Valves and safety instrumentation that met the needs
of the project were eventually obtained from Autoclave Engineers, but their use
is kept to only where critical temperatures are seen in order to minimise cost.

3.5.10 Measurement Instrumentation
In this section, various measurement techniques that will be employed for characterisation of the rig and the current study are discussed.
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Figure 3.32: Pipeline instrumentation schematic for the pressure chamber.
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Code

Description

Safety Considerations

BD-1

15 bar burst
disc

Prevents overpressure in heater feed line if check
valve fails to open and pressure relief valve fails to
open

PRV-1

12 bar
pressure relief
valve

Primarily prevents pressure in heater exceeding 12
bar (12 bar is the heaters max operating limit); used
to prevent overpressure in heater feed line if check
valve fails to open

CV-1

Low
temperature
check valve

Prevents back ow of hot gas from heater reaching
non-high temperature rated instrumentation. Check
valve is safe up to 200o C

CV-2

Low
temperature
check valve

Prevents back ow of hot gas from heater reaching
non-high temperature rated instrumentation. Check
valve is safe up to 200o C

CV-3

High
temperature
check valve
(Autoclave
Engineers)

Prevents high temperature gas exiting the heater
from owing back into the heater; ensures
unidirectional ow out of the heater

PNV-1

Pneumatically
operated ne
control high
temperature
needle valve
(50bar;500o C)

Seals against all conditions reached inside the rig, be
it constant pressure, high temperature studies, or
actual combustion events. Needle valve has a large
ori ce bore for no ow restriction

BD-2

55 bar burst
disc

Prevents pressure in rig exceeding critical design
pressure. Burst disc suitable for temperatures
exceeding 500o C

PRV-2

1-50 bar
variable
pressure relief
valve

Used to set maximum system test pressure, and
relieve any overpressure. Capable of withstanding
temperatures above 200o C

Table 3.18:

Safety instrumentation used and reasons for use

139

3.5 Details of construction

Purge all lines with
Nitrogen to remove air.

300 sec

20 sec

Set Nitrogen regulator to 50 Bar
output pressure. Configure heater
temperature on control panel.

Open valves:
2PS-1 2PS-2
NV-1 NV-2
PNV-1/3PS-1

Open valves:
2PS-1 2PS-2
NV-1 NV-2
PNV-1/3PS-1

Begin filling.

~35 sec

Open valves:
2PS-1 2PS-2
NV-1 NV-2

Close valves:
3PS-1/PNV-1

Open valves:
NV-1
NV-2

Close valves:
2PS-1 2PS-2
3PS-1/PNV-1

Open valves:
2PS-1

Close valves:
2PS-2

Fine adjust:
NV-2 2PS-2

Desired pressure reached
in vessel.

60-120 sec

Bleed gas from chamber to
obtain differing temperatures
or pressures.

Fine adjust:
3PS-1/PNV-1
NV-1

Test conditions reached, send
trigger to begin experiments.

~500 sec

~5 sec

Close valves:
2PS-1 2PS-2
NV-1 NV-2
PNV-1/3PS-1

Test complete, begin purging
rig of energised gas.

Open valves:
2PS-1

Close valves:
2PS-2
Fine adjust:
NV-1 NV-2
PNV-1/3PS-1

Figure 3.33: Flow chart of rig heating and pressurisation procedure.
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Wide
Open
valves
2PS-1;
2PS2;NV1;NV2;PNV1/3PS-1
2PS-1;
2PS-2;
NV-1;
NV-2;
PNV1/3PS-1;

Fine
adjustments

Comments

-

-

-

Step allows pipelines & heater to warm up.
50 bar ensures sucient ow rate provided
to heater and ow remains un-choked when
lling up to 10 bar.

Filling
step

Description

Closed
valves

1

All lines
purged with
nitrogen to
remove air.

-

2

Set nitrogen
regulator to 50
bar output
pressure. Set
heater
temperature.

-

Begin lling.

2PS-1;
3PS2PS-2;
1/PNV-1 NV-1;
NV-2;

NV-2;
2PS2

2PS-1,
2PS-2;
3PS-1/
PNV-1

NV-1;
NV-2

-

2PS-2;

2PS-1;

3PS1/PNV1;NV-1

2PS-1;
2PS-2;
NV-1;
NV-2;
PNV1/3PS-1

-

-

-

2PS-1;

2PS-2;

-

2PS-1;

2PS2;PNV1/3PS-1

NV1;NV2;PNV1/3PS-1
-

-

3

4

5

6

7
8

Desired
pressure
reached in
vessel.
Gas bleeding
to obtain
di ering
temperatures
or pressures.
Test conditions
reached.
Experiments
observed.
Tests
completed.
Purging
begins.
Valves selected
to fail open or
close in case of
power failure.

Pressure ratio/di erential of inner to outer
chamber monitored. 2PS-2 on/o control
preferentially used to prevent di erential
build up outside the quartz, which would
cause cold air to enter the hot zone. To
protect the heater from burnout, 2P S-1 is
only ever closed if a large pressure builds
up within the quartz cylinder. When 2PS1 is closed the heater will turn o as no
ow is detected, although there is still a
possibility of burnout.
At this point the pressure and temperature
readings are allowed a minute to settle. If
the desired temperature or pressure of gas
in the chamber is not sucient then the
next step takes place.
PNV-1/3PS-1 is opened marginally to allow a small release of gas from the chamber. The ow exiting the chamber can be
replaced by hot gas entering at a rate controlled by NV-1.

Table 3.19: Rig operational procedures
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3.5.10.1

Pressure/Temperature Measurements

Standard K-type thermocouples were used to monitor temperature throughout
various locations in the rig. The most important locations are marked on gure
3.32. The outer pressure vessel wall temperatures will be monitored via holes
drilled in the endplate and threaded insert window boss. The holes in these locations are not drilled right the way through to the interior of the vessel but rather
they are drilled up to 10 mm away from the vessels interior surface. The wall
temperatures will be monitored using these thermocouples at all times to enure
the vessel walls do not exceed a critical temperature. At the moment of writing
the critical temperature has been designated at 200 o C. If the wall temperatures
exceed this point, the vessel will be purged. The labview program has been designed to automatically set o an alarm when this temperature is reached and
after a few minutes if nothing is done about the temperature, a signal will be sent
to open the exhuaust needle valve and the rig will empty. Temperatures within
the injector region inside the quartz cylinder will be measured by a series of hanging ne wire thermocouples of di erent lengths bundled and sealed together in a
resin base. This is performed so that any temperature gradients setup within the
quartz cylinder can be discerned. Laser techniques that will also be able to carry
out this measurement non-intrusively will be discussed later.
Pressure sensors have been be placed in two locations, one in the inner quartz
chamber and one on the end plate wall of the outer chamber. A Kistler piezoelectric quartz pressure transducer designed to be placed in the glow plug slot
of a diesel engine and capable of withstanding high temperatures was used to
measure pressure within the quartz cylinder, whilst a standard low temperature
rated Omega pressure transducer is used to monitor the outer volume pressure.
The pressures are monitored in these two locations so that pressure di erentials
across the quartz cylinder can be reduced, however it is the pressure readings
from the Kistler transducer that provide the critical experimental data.

3.5.11 Data acquisition system
The signal from the transducers and thermocouples were ampli ed, digitised and
saved using a digital data acquisition system with an analog to digital (A/D)
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convertor. National Instruments PCI 6221 DAQ card with 16 bits resolution
and with an input voltage range of -10 to 10 V was used for this purpose, the
maximum sampling rate at which data can be acquired with this unit was 250 kHz.
The Labview program carries out two functions simultaneously. One function is
as a safety program for constant monitoring of wall temperatures and chamber
pressures, which are constantly monitored whilst the rig is in use. The second
function is to record time logged data of the chamber and injection conditions
when an individual injection event is triggered. Tables 3.20 and 3.21 demonstrate
the conditions monitored by the DAQ system during tests and functions of the
DAQ during tests alongside the sensor types used.
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o

o

Sensor
Start acquir- Stop acquir- Alarm
(Proposed) Link to ac- Acquisition
Measurable
type
ing when ing when
tion
rate
Wall temperature Thermocouple System in use System not in at T>200 C Open chamber exhaust Seconds
location A
K-type
use
valve if alarm triggered
Wall temperature Thermocouple System in use System not in at T>200 C Open chamber exhaust Seconds
location B
K-type
use
valve if alarm triggered
External chamber Druck PT System in use System not in at P>set pres- Open chamber exhaust Seconds
pressure
use
sure
valve if alarm triggered
Table 3.20: System safe monitoring DAQ
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Injection signal
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chamber

Temperature inner

pressure

Inner-chamber

Read
through
voltage
divider

Table 3.21:

Experimental data recording DAQ

Set time in lab- Injector & cam- milliseconds
view
era

Set time in lab- Injector & cam- milliseconds
view
era

Con gured
& cam- microseconds
write
time- Injector
era
period ends

Start acquir- Stop acquir- Synchronised Acquisition rate
ing when
ing when
with

Labview generated TTL
triggers injector and DAQ
write
Labview generated TTL initiKistler PT
ates DAQ write
generThermocouple Labview
ated TTL initiK-type
ates DAQ write

Sensor
type

Measurable
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3.5.12 Maintainability and replication of ow and safety
instrumentation

To ensure maintainability and replication of this rig it is vital that the instrumentation selected is suciently discussed and explained. Therefore, in this section,
gure 3.32 will be repeatedly referred to in order to aid this explanation. Initially,
it is important to note that unless otherwise stated all the ttings mentioned that
were used were obtained from Swagelok. Furthermore, in an e ort to reduce costs
the material used in the ttings were speci ed as either comparatively low cost
brass or high cost stainless steel 316L based on their location and function in the
pipeline.
Starting on the left of gure 3.32 the Nitrogen/air gas canister which lls the
rig with pressurised gas can be seen. A 6 mm brass compression pipe tting is
used to connect a 6 mm stainless steel 316L pipe with a 4 mm internal diameter
to the BOC gas cannister outlet. As this section of the line is not heated, brass
was suitable for this tting. Stainless steel 316L pipe is used throughout due to
its 80 bar maximum operating pressure capability and corrosion resistance, and
also as it could be easily purchased in volume. This attached pipe then goes
into a 6 mm brass compression T-junction tting which allows the gas to be split
into 2 ows as the blue lines show in gure 3.32 directly to the right of the gas
cannister. Following the T-junction tting, 6 mm stainless steel pipe continues
out of both outlets, and each connects into a solenoid operated valve (2P S-1 and
2P S-2 in gure 3.32).
These solenoid valves then connect to Swagelok stainless steel needle valve
(labeled NV-1 and NV-2 in gure 3.32) which features compression ttings for the
6 mm pipe and also features a maximum uncovered bore size of 4 mm. Up until
this point the instrumentation featured in both lines split from the gas bottle has
been identical. However, downstream of these needle valves the instrumentation
on each path begins to di er, as one path is required to feed the inner chamber of
the vessel with heated gas, and the other path supplies the outer chamber with
unheated gas. To aid explanation, the path that leads gas into the inner chamber
of the vessel will be referred to as the upper path, and the path leading to the
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outer chamber will be referred to as the lower path as this is how they can be
seen in gure 3.32.
Starting with the upper path, stainless steel piping from needle valve NV-1 is
connected directly into another Swagelok brass T-Junction tting. One outlet of
the T-junction tting splits the gas ow and directs it towards an end of line manifold block within which a Norgren brass pressure relief valve and an Autoclave
Engineers burst disc are located (these safety instrumentation are labeled PRV-1
and BD-1 in gure 3.32 respectively). The pressure relief valve was manually set
to 10 bar in order to relieve line pressure if it was exceeding the level the heating
system was capable of experiencing due to a blockage further down the line. In
the case of a rapid pressure rise or if the pressure relief valve were to get stuck, the
burst disc was designed to blow at a pressure of 11 bar. The manifold containing
this safety instrumentation is located well above head level with the direction of
pressure release aimed towards the ceiling. The other outlet of the T-Junction
tting is piped via the 6 mm stainless steel pipe to the heater. The stainless steel
pipe out of the heat is then changed to a 3/8 inch diameter pipe in order to suit
the American sourced Autoclave Engineers check valve (labeled CV-3 in gure
3.32), which is able to withstand combustion temperatures and pressures. The
check valve will ensure unidirectional ow of gas through the heater during lling
of the vessel and will also ensure the pressure rise due to a combustion event is
not experienced by the heater, as the pressure di erential will cause closure of
the valve. The 3/8 inch stainless pipe continues out of the Autoclave Engineers
check valve and is connected into a manifold via a 3/8 inch pipe compression
tting. This manifold splits the gas symmetrically through 8 ports which each
have a 6 mm compression tting and a length of stainless steel pipe leading to
the gas injection ports of the vessel inner chamber. It is important to note that
the pipe lengths that go from the heater outlet to the 8 gas inlet ports of the
chamber were kept as short as possible in order to minimise heat losses. This
region of piping was also insulated using breglass exhaust wrap.
For the lower path which leads to the vessel's outer chamber, 6 mm piping from
the needle valve NV-2 as seen in gure 3.32 is connected into a brass Swagelok
check valve (CV-2) , the outlet of which is connected straight into the outer
chamber port on the chambers end cap. On the end caps another port exists, and
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within this a 6 mm compression tting takes a stainless steel pipe, which extends
towards another safety instrument retaining manifold featuring a pressure relief
valve and burst disc. The only di erence between this manifold to the other safety
instrument manifold lies the settings of the pressure relief valve and burst disc.
For this manifold connected to the chamber directly the pressure relief valve can
be set to maintain the test condition pressure if desired as an extra control, whilst
the burst disc which was set to burst at 50 bar serves to ensure the entire vessel
does not experience design critical pressures. As with the other safety manifold
this was place a height above operator level.
The nal piece of instrumentation to discuss in detail concerns the vessel
exhaust needle valve (labeled PNV-1 in gure 3.32). The vessel exhaust needle
valve was obtained from Autoclave Engineers and is rated to temperatures and
pressures higher than those seen in diesel combustion engines. A stainless steel
1 inch compression pipe tting is attached to the vessel gas exit ori ce and this
seals the stainless steel pipe with a 1 inch outer diameter that leads to the exhaust
valve. This valve was placed as close to the vessel's gas exit ori ce as possible in
order to minimise the stainless steel pipe that would retain heated gas. The outlet
of this exhaust valve was then plumbed into the building facilities exhaust system.
As the exhaust needle valve was pneumatically controlled, an air regulation unit
was made. This air regulation unit featured a three way solenoid valve which had
the dual purpose of allowing control of the needle valve through regulation of the
closing pressure (maximum 7 bar is required to fully close the needle valve) and
to also allow for emergency evacuation.

3.6 Chapter summary
Presented in this chapter, is an in-house developed novel optical high temperature, pressure chamber capable of safe operation at conditions of 50 bar and
900K. These conditions enable the simulation of diesel in-cylinder pre-injection
conditions and would allow for the observation of diesel spray/combustion phenomena. The facility's novelty lies in its optical chamber-within-chamber design
which enables rapid experimental cycling times between di erent pressure and
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temperature conditions through the avoidance of chamber wall heating. Furthermore, the unique construction of the facility enables combustion phenomena to
be observed at constant pressure but with a variable volume, which could mimic
volume expansion due to piston motion within an engine.
The advantages of the design are as follows:
i Thermal inertia of the chamber is reduced as no direct heating of the stainless steel chamber walls occurs. As this is avoided, the time between achieving experimental test conditions is greatly reduced.
ii The quartz tube has a large 200mm diameter allowing unimpeded observation of the spray as shown in the next chapters. The large inner chamber
diameter allows for wall temperature e ects from the quartz tube a ecting
sprays to be largely alleviated.
iii The inner quartz tube allows for a smaller amount of heated gas to be used
for tests than would be required to

ll the entire rig. For numerous repeated

experiments this implies signi cantly reduced operating costs.
iv E ects of vapour condensing on the windows are reduced by admitting
the heated charge gas close to the quartz tube walls. This results in the
tube wall temperatures warming up suciently to reduce the amount of
vapour deposition which would degrade the optical access quality.

This

allows tests to be carried out for longer without having to clean fouled
windows. Furthermore due to the loose sealing of the two chambers, a gas
ow is induced at the gasket which provides a preferential site for vapour
condensation and accumulation.
Initial diesel spray development experiments have been carried out within
this facility and the results from these experiments will be used to demonstrate
capabilities of the test facility in the next chapter. For the simultaneous rig testing
and spray experiments shown in the following chapter a maximum operating
pressure of 10 bar and

500K was chosen and the fuel injection pressure was

maintained at 400 bar. A two-hole solenoid driven servo-hydraulic VCO injector
was used to enable unobstructed view of the spray dynamics whilst high speed
shadowgraphy was employed to characterise the spray.
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Chapter 4
Characterisation of the base
diesel fuel injection in the novel
optical chamber
The main purpose of this chapter is to characterise the spray formation of a
base diesel fuel in the new optical rig shown in gure 4.1. To characterise the
spray formation, injections of high pressure diesel sprays into elevated pressure
and temperature environments were studied using high speed backlight illumated
imaging. These spray images were then used to obtain geometric parameters of
the diesel spray which are commonly used to describe the fuel/air mixing quality
of the spray. To obtain these parameters from the images, an image processing
program was coded in Matlab and this code is also described within this chapter.
By conducting such a study on the new facility a comparison of obtained
data with previously observed trends can be done to con rm the facility and inhouse developed software is functioning suitably. Moreover, this initial baseline
study endeavor helps to characterise the facility itself and re ne the experimental
technique which will be used to compare additised fuels.

4.1 Spray imaging methods
The majority of current diesel spray studies make use of imaging techniques that
capture long duration injection periods or quasi-steady diesel sprays (Naber &
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Figure 4.1: Photograph of the high temperature, high pressure optically accessible chamber
and high speed imaging setup.
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Siebers, 1996). These imaging techniques often make use of single shot cameras
with long exposure times to produce slightly 'blurred' images so as to smooth
the jagged edges produced by spray contours (Payri et al., 2008; Siebers, 1998,
1999). The e ect is similar to a time averaged series of sequential images over a
very short time period. Using this technique, a progressive delay can be applied
to the single shot camera to build up an image sequence of spray penetration
evolution over time (Bae & Kang, 2005; Desantes et al., 2005b; Kang & Bae,
2003; Smallwood et al., 1994). However, the single shot technique requires a
series of injection events to produce the evolution sequence and for this to be
meaningful it must be assumed that each injection event is the same. To overcome
this limitation, more recent studies have used modern high-speed cameras to
capture spray evolution and transient dynamics (Klein-Douwel et al., 2007; Kostas
et al., 2009). In reality, there is variability between sequential injection events
into a relatively quiescent environment caused by small-scale uctuations due to
inherent injector limitations. This variability in fuel sprays causes variability in
the spray combustion region and thus transiently a ect combustion/emissions
performance over every single injection event (Kastengran et al., 2008).
Kastengran et al. (2008) have shown that for the low spatial resolution (point{
to{point measurement) x-ray radiography technique, the use of ensemble averages
work well to describe much of the bulk spray injection event-to-event behaviour;
for a 1 ms signal duration spray event with a low (500 bar) and higher (1000
bar) injection pressure. However, certain large variations in spray mass occurring
during the start and end of injection periods were identi ed, with the variations
becoming more prominent at the lower injection pressure.
This chapter presents the results of a series of experiments which investigated
the initial stages of development of a short command duration (0.7ms) transient
diesel spray from the Start-of-Triggering (SOT) of the injector. As the novel facility allows for a high number of experimental repetitions under predetermined
test conditions, a method to process the large number of images by using averaging techniques to gain quantitative data is presented. In the literature, cases
where data were obtained from ensemble averages of the developing transient
spray images at numerous phases of its development have been rare. Therefore,
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this chapter will seek to qualitatively assess whether the phase averaging process accurately describes transient diesel sprays in this new facility; whilst also
possibly highlighting shot-to-shot injection behaviour and any highly transient
spray phenomena which needs to be considered for tests comparing diesel fuel
containing additives.

Figure 4.2: CAD drawing of chamber with illustration of the optical access granted to the
spray.

4.2 Fuel injection system
A schematic of the fuel injection system is shown in

gure 4.3. Fuel was pressur-

ized using an air driven liquid pump (Haskel 0.75hp (0.56kW) Pump Model 4B)
capable of producing diesel injection pressures of up to 1000 bar. The pressurized
fuel was passed through a 10 micron sintered fuel

lter to a common rail which

was connected to a 2-hole servo-hydraulic valve covered ori ce (valve covered orice (VCO)) injector. The two holes are 0.22mm in diameter and are diametrically
opposed to each other at an angle of 145 degrees to allow an unobstructed view
of the spray during imaging. Further to this injector information, the average
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Figure 4.3:

Schematic of the fuel injection system setup.
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Figure 4.4:

Average volume of fuel owing through each injector ori ce over the injection
duration at 400 bar injection pressure.

shot volume of fuel through the injector holes over the injection durations has
been obtained from the manufacturer and this is shown in
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gure 4.4. Brie y,

4.3 Backlight illuminated imaging setup
gure 4.4 shows the average fuel volume owing through an ori ce of the 2 hole
injector, when the injection pressure is 400 bar. Clearly visible in the gure is
an initial delay, where no volumetric ow is measured and this is indicative of
the time needed for the needle to begin lifting. This is followed by a steady rate
of acceleration in the volumetric fuel ow through the nozzle, with the acceleration determined by a combination the injection pressure pushing fuel through
the ori ce, alongside the speed at which the needle is lifting. Finally, after 1250
s, a changing of gradients can be identi ed which relates to the injector needle
reaching its maximum lift stop.
The common rail was modi ed in that the pressure relief valve was replaced
with a blanking plug. The common rail pressure sensor was retained and driven
by a 5V supply whilst the output was monitored via a Labview data aquisition
(DAQ) program. The injection pressure for all tests reported here was maintained
at 400  2 bar by the system.
The 2-hole injector was controlled with a Hartridge (HK852) signal unit and
a pulse width or injection duration of 0.7 ms was selected to mimic injection
durations that take place within small bore diesel engines under low load (4 bar
indicated mean e ective pressure (IMEP) conditions), whilst injection frequency
was maintained at about 0.4 Hz. The same pulse used to trigger the injection was
used to trigger the DAQ system. Due to the voltage and current requirements of
the injector and the fact that the signal produced during injection su ered from
electromagnetic force (EMF) noise, a potential divider to step down the voltage
and a Schmitt inverter circuit was required to produce a 5V TTL pulse which is
used to trigger both the DAQ and imaging systems.

4.3 Backlight illuminated imaging setup
The arrangement for the high speed backlight illuminated imaging is as shown in
gure 4.5. The high-speed camera used for this study was the Photron FastCam
APX-RS model, which was capable of achieving 100,000 frames per second, with
a 1 microsecond shutter timing. This high-speed camera was tted with a Nikon
60mm f/2.8 AF-S Micro-Nikkor lens, which was focused onto the focal plane of
the diesel sprays using an alignment tool. The high-speed camera was set to
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Figure 4.5:

Schematic of the high speed backlight illuminated imaging system setup used to
image sprays within the chamber.

obtain images at 21,000 frames per second (fps) (47.6

s temporal (frame-to-

frame) resolution); this was the maximum frame rate that allowed a resolution of
sucient size (640 x 208 pixel resolution = 64 mm x 20.8 mm physical 2-D spray
measurement plane) to view the spray evolution from injector nozzle tip to the
edge of the window.
The injection trigger signal was used to trigger the camera simultaneously

and the camera would record spray images for 100 frames ( 4760 s) following
the Start of Triggering (SOT). The shutter-speed of the camera was set to its
maximum level of 1 s to reduce motion blurring. The projected pixel resolution

of the images was found to be 100 m per pixel.

Figure 4.5, also shows that a di user or piece of opaque material placed in
front of the ash was used in this setup, and the reason for this was two fold. The
rst was to ensure that high intensity ash did not saturate the camera pixels.
The second reason for use related to the fact that the ash lamp had an uneven
distribution of light with steep intensity gradient changes, which the opaque material could reduce to provide a ltered and more evenly distribute background
light. Some experimentation with the thickness of the opaque material placed in

156

4.4 Experimental procedure
front of the

ash lamp took place to

nd the optimum level of di usion, with the

procedure relying on an iterative process of progressively increasing the materials
thickness until the light intensity no longer saturated camera pixels at any point
in the

ash duration. Simultaneous to the pixel intensity check, the spatial light

intensity variation was checked for

atness in gradient across the imaging area.

Initial images indicated that there was a delay between when the injector
needle began to lift and fuel was observed exiting the nozzle. The delay meant
that the

ash, which used the same trigger signal as the injector, would go o

too

early resulting in the part of the spray penetration captured to have been obtained
at a stage of the

ash that was further away from the peak light intensity available

or during a period where there would be a large changes in the

ash intensity

occurring. To compensate for this, a delay generator was used to delay the signal
to the

ash so that it triggered just before the liquid was seen to exit the injector

nozzles and so that the early injection characteristics of the spray were captured
before the

ash had decayed to less that

These trigger points are shown in



75 % of the peak

ash light intensity.

gure 4.6, which displays how the average

frame pixel intensity varies over time (for each consecutive frame recorded) and
how after an initial sharp burst of light, a longer decay of the backlight occurs.
Preliminary tests were also carried out to observe the time for injector needle
lift and for fuel to leave the injector ori ce. It is important to account for this
delay as otherwise optimal use of the

ash would not be achieved. For the cases

observed, the start of injection as seen in the images occurred varyingly about



476 s (after 10 frames at 21,000 fps) after the initial trigger signal. The needle
was observed to close at



1429

s (30 frames) after the trigger signal was sent to

the injector.

4.4 Experimental procedure
The results shown come from two groups of tests:

i The

rst group of tests were undertaken to show the e ect of increasing

pressure on spray formation at ambient temperature.
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Figure 4.6: Average pixel intensity and percentage intensity variation for consecutive frames
captured of the background ash event (taken at 21000 fps).

Temperature (K) Pressure (Bar) Gas Density (Kg/m3)
atmospheric
atmospheric
 1.39
atmospheric
2
2.32
Case 1
atmospheric
4
4.65
atmospheric
6
6.97
atmospheric
7
8.13
atmospheric
8
9.29
atmospheric
10
11.61
473
7
5.16
Case 2
423
7
5.77
388
7
6.29
Table 4.1: Test matrix showing test pressures and temperatures and the calculated corresponding gas density.
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ii The second group of tests were undertaken to show the e

ect of higher

temperature at constant pressure, where the pressure was maintained at 7

o

bar and the environment temperature was about 473 K (200 C).

For the second group of tests speci

cally, the inner chamber was

lled with

o

high temperature gas at about 210 C at 7 bar and injections were initiated and
continued as the temperature decayed.
out the chamber was emptied, re

Once about 25 injections were carried

lled to the same conditions and the test was

repeated. The DAQ system was used to monitor the chamber conditions for every
triggered spray event so that the ambient conditions for each spray were known.

o

The spray images that occurred during the temperature range between 205 C to

o

195 C (roughly 10 injections for each chamber

ll), were then taken, processed

and phase averaged to produce the higher temperature results.
of diesel fuel (commercial reference fuel meeting EN590 speci

A single batch
cations with no

performance additive package) was used for the spray results reported here.
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Figure 4.7: Chamber and injection conditions over 60 seconds for temperature group tests.

Figure 4.7 shows how the ambient pressure, injection pressure, outer chamber
temperature and inner chamber temperature conditions of the temperature group
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tests varied over 60 seconds. Aside from the inner chamber temperature and injection pressure, the conditions were stable over the 60 seconds. The blip in the
fuel injection pressure was due to the air driven hydraulic intensi er recycling to
increase the fuel pressure after decay occurred after a number of injections had
taken place. It can be seen that the temperature decay was fairly steady and slow
over 60 seconds, thus allowing a large number of injection events to take place
within a small temperature range at a steady pressure. Depending on the rate of
decay and injection frequency, numerous repeat injection events can be expected
to be captured after one chamber

lling procedure as the chamber lacks the

rapidly decaying pressure and temperature curves seen in pre-combustion chambers. This slow decay can be considered a sign of great advantage for steady
condition spray studies into high temperatures, bearing in mind that the in-line

900 K for future tests. The temperature of the
cantly lower (at 30o C) than that of the inner cham-

heater can potentially output
outer chamber was signi

ber, which demonstrates proof of concept for the novel rig and the potential for
injecting higher temperature gas into the inner chamber without causing unsafe
thermal stresses on the outer chamber.
For the high temperature tests, air was passed through the rig at about 500
K for 5 minutes. This was done to allow for the gas inlet and system lines to
heat up and therefore reduce temperature losses as the test gas traveled into the
chamber. The feed gas supply was then switched to Nitrogen, supplied from a
size W, BOC gas bottle, which is

lled to a pressure of 230 Bar. The nitrogen

was passed through the heater set at the same output temperature. The pressure
on the canister regulator was set to a value above 16 bar, high enough to produce
a steady

ow of nitrogen that would not cause heater burn out or temperature

uctuations. This upstream pressure allowed the
the entire chamber

ow to remain choked during

lling procedure up to the test pressure of 7 bar.

condition was not met, the
was reached and the decaying

If this

ow would gradually decrease as the test pressure
ow rate of the gas that passes through the heater

would cause non-uniform heating of the gas charge. The pressure relief valve on
the rig was set at 7 bar to avoid over pressure.
Once the rig pressure reached the test pressure the regulator on the Nitrogen
supply canister was reduced to 7 bar to maintain a steady back pressure during
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the tests. The gas temperature within the chamber was then allowed to decay
with injection events performed as the temperature decayed, and with the DAQ
recording the conditions for each individual injection event. To avoid the accumulation of a vapour and droplets within the chamber, the chamber could be
rapidly purged and re lled after multiple injections. Initial tests were performed
to assess how many repeat injections were feasible before data became compromised by vapour build up or condensation on the quartz inner chamber. With the
charge temperature at laboratory ambient and pressure at 7 bar; the following
was observed:
i Up to 100 sequential injection events could take place before the images
became heavily clouded due to fuel droplets and vapour suspended in the
charge and the spray shadow signal became signi cantly weaker.
ii Deposition of fuel vapour onto the windows did not build up rapidly as the
majority of the spray hit the inner quartz chamber to the side of the

eld

of view.
For the temperature tests carried out at a constant 7 bar chamber pressure
and high temperature (473 K), the following was observed:
i After about 50 injections the chamber became heavily clouded by the droplet
and vapour accumulation.
ii The inner quartz chamber did not su er from condensation issues. Due to
the lower temperature of the windows of the outer chamber, condensation
did become more pertinent after a signi cant number of repeat tests.

4.5 Image processing technique
The high-speed camera circuitry allowed for 8 bit data images to be recorded (2 8
= 256 brightness levels). All batch image processing has been carried out using
an in-house code written in Matlab.
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Figure 4.8:

(a) a sample raw image; (b) background corrected and false-coloured image;

(c) binarised image of (b); (d) average image of 50 background corrected sequential injection
images. (e) binarised image of (d).
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4.5.1 Background Correction
Initial background images were recorded to determine the level of spatial and
temporal light variation.

Temporally the light intensity was visually observed

to be fairly sucient over 40 frames (

2ms), which encompassed the period of

interest for a diesel spray. This temporal variation is shown in

gure 4.6, which

shows the rate of decay in backlight intensity. However, signi cant spatial variation in the back light was present throughout the

ash period. It was important

to account for this variation as it would in uence whether the less dense edges
of the spray were detected or not. Furthermore, fouling of windows could occur
due to the test environment and these variations needed to be removed for image
clarity and less ambiguous processing. Figure 4.8(a) and 4.8(b) show examples
of a raw image and a background corrected image respectively.

4.5.2 Averaging
Prior to every test, 25 triggered events without fuel injection were recorded to
obtain images to be used in the background subtraction procedure.
background

These 25

ash events were then phase averaged for every consecutive frame.

This sequential background average was then subtracted from each individual
sequential spray image of the injection events. The individual background corrected images were then saved for later analysis. To produce phase averaged spray
images as seen in

gure

gure 4.8(d), the number of individual images used was

initially set at 100, since, as described in section 4.4, data from this number of
repeats was observed to be possible in a single test on the new facility. However,
due to the processing time and data storage space required this was halved to
50, which after an initial study showed very little experimental error di erence
in comparison to taking the average of a 100 events.

4.5.3 Thresholding & Binarisation
The individual background corrected images were binarised in order to de ne the
spray contour and obtain geometric data from the spray images.
of a binarised image is shown in

An example

gure 4.8(c). Initially a global image threshold
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used in the binarisation process was selected by looking at the background corrected images and comparing intensity values of pixels within two sub-location
windows of the image. One sub-location window corresponded to the background
area beyond the spray and the second corresponded to the central region of the
spray. From these two intensity values an intermediate value was selected as a
universal threshold to apply to all images within one set of data. Selection of the
threshold in this manner proved seemingly robust for the obtainment of spray tip
penetration data however resulted in a high level of loss of the less dense lateral
edges of the spray, especially after the inner chamber became lled with vapour
or deposits had built up on windows.
Therefore, the background corrected images were instead binarised using an
algorithm of the Matlab image processing toolbox based on the 'Otsu Method'
thresholding technique (Mathworks, 2013). Brie y, the technique uses the image
intensity histogram to divide the pixels of the image into two classes corresponding to 'foreground' or 'background'. The algorithm then statistically selects an
optimum threshold value between the two classes that minimise the variance between them. Using this method, a separate image threshold which is local to the
spray image window can be selected for every individual image to be binarised
thus removing the chance of an incorrect spray contour being de ned due to an
insensitive threshold (Otsu, 1979). The binarised individual images were also averaged to facilitate analysis (i.e. to reduce the large number of individual spray
images per time frame to singular average images per time frame).

4.6 Results
4.6.1 Qualitative analysis of images
In this section, the images that are presented have been falsely coloured using a
Matlab function. In this false colouring process, Matlab's "jet" colour map that
represents colour ranges from blue to red, and passes through the colors cyan,
yellow, and orange is applied globally to each individual image. With this map
the deepest blue colour represents the lowest pixel intensity found in the image,
and the deepest red representing the highest of the particular image. For example,
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Figure 4.9:

Images of 5 sequential injections showing spray to spray variability.
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Figure 4.10:

Images showing spray development of an individual sample injection over regular

time intervals for di erent ambient pressure conditions.
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Figure 4.11:

Images showing average spray development of 50 individual injections over

regular time intervals for di erent ambient pressure conditions.
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Figure 4.12:

Images showing spray development of an individual sample injection over regular

time intervals for 2 di erent temperature conditions.
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Figure 4.13:

Images of average spray development of 20 individual injections over regular

time intervals for 2 di erent ambient temperature conditions.
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one particular image's lowest pixel intensity may be a value of 1 (blue), and it's
largest a value of 500 (red), and all values in between would be determined by
the discretisation of the map by a speci c number (eg. 100). In this scenario,
pixel values of 1 to 100 would be coloured blue, 101 to 200 would be cyan, 201 to
300 would be yellow, 301 to 400 would be orange, and nally 401 to 500 would
be red.
Figure 4.9 shows false colour and binarised images at the same time point
(Frame 20 or 905s after SOT) for 5 consecutive injection events into a 10
bar chamber pressure. Figure 4.10 shows the development of a single spray at
di erent time points for each of the di erent test pressures for case 1. Figure 4.11
shows the average of 50 images at the same time and temperature conditions.
Figure 4.12 compares spray development at the low and the high temperature
conditions of case 2. Figure 4.13 shows 50 image averages at the corresponding
conditions. From examination of the individual spray images shown in gures 4.9,
4.10 and 4.12 it can be observed that the spray begins its development as a dense
moderately symmetrical liquid core. After frame 12 (571 s after SOT) several
non-symmetrical 'bulging and meandering' features of the spray become apparent
at a distance of roughly 10-20mm from the nozzle. These features are easily
observed in the rst column of images shown in gure 4.10, which shows frame
14 (666s after SOT). The fact that these features remain and are seen clearly in
the averaged image shown in the rst column of gure 4.11, demonstrates that
this unsymmetrical meandering and bulging of the spray is a fairly repeatable
phenomenon, thereby implying shot-to-shot in cylinder mixing will not be prone
to randomly occurring spray structures which could cause poor mixing control.
This meandering or wave like behaviour of the spray has often been observed in
similar experiments (Baert et al., 2009; Yeom et al., 2002), however, the features
still require more thorough study in diesel spray applications as accurate models
demonstrating complete understanding of this behaviour has yet to be achieved.
These initial features are less pronounced as the chamber pressure increases,
and the dense region becomes more symmetrical. As the spray further develops
the dense core region stabilizes, but further down its length the edges of the core
demonstrate surface wave instabilities, which leads into a sh bone structure much
further away from the nozzle, a feature which has been referred to by numerous
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authors (Fujimoto et al., 2010; Koo & Martin, 1990; Yule & Salters, 1995). In
previous studies this sh bone structure has displayed a spatial frequency that
indicates the initial surface waves to be a source of the feature (Koo & Martin,
1990). Consequently as the near nozzle surface waves that buildup are themselves
thought to be a result of Kelvin-Helmholtz instabilities setup within the injector
nozzle.
These features are apparent for the two conditions shown in gure 4.12, where
it is also perhaps possible to see a di erence in the wavelength size of the instabilities between the low temperature and high temperature conditions.

4.6.1.1

Tests at varying chamber pressure

Visually the bulk spray is fairly reproducible. In the images shown in
4.9, the spray tip penetration can be seen to vary by less than

gure

2mm but it is

also apparent that a clearly identi able spray cone angle is dicult to de ne for

the entire spray contour. At a point very close to the injector ( <5mm) a sharp
angular change occurs in the spray. This implies an initial dense spray cone angle
is formed, possibly due to ow dynamics within the injector, and then an angular
change is brought about due to e ects from the prevailing chamber conditions
upon the spray momentum. At a location 20-25mm from the injector tip (the
yellow line in gure 4.9) the spray bulk can be seen to pinch and a part of the
spray tip meanders and detaches. Prior to this unsteady region, the spray and
its dynamic features seem more reproducible. It is dicult to determine whether
variability within the spray tip is caused by limitations of the injection system
and so variability of the injector itself is identi ed itself at this point as a possible
cause of spray variability which will need to be investigated prior to tests on
additised diesel fuel sprays. The monitored common rail pressure showed minor
uctuations (less than 1 bar) during tests thus adding weight to the need for
investigation.
Figures 4.10 and 4.11 show background corrected individual injection events
and background corrected average images of 50 injection events respectively, at
spaced time intervals and at increasing chamber pressures. The e ect of increasing chamber pressure on the spray penetration is evident. Increasing pressure
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reduces the overall distance of spray penetration from start of injection to the
end. However, the e ect on spray angle is not visually remarkable. Spray angle,
especially in the immediate vicinity of the injector is seen to vary as the spray
develops. The averages of 50 injection events ( gure 4.11) display an overall ellipsoidal shape which can only occur due to the large number of unsteady angular
changes the transient spray experiences. The signi cant cone angle change in the
spray immediately outside of the injector relative to the rest of the spray body is
quite clear from these averaged images.

4.6.1.2

Higher temperature tests

Figures 4.12 and 4.13 show spray development of an individual and phase averaged
injection event or events respectively for two di erent temperature conditions.
From these

gures, two signi cant qualities of the sprays at di erent temperature

conditions can be observed. The

rst is that the higher temperature condition

produces a spray with a higher penetration at each frame (time interval). The
second is that the spray cone angle of the high temperature spray is signi cantly
narrower than the spray into the laboratory ambient temperature. The longer
spray due to increased temperature can be explained by the fact that the spray
penetration is a ected by the chamber gas density as opposed to the gas pressure.
At a chamber pressure of 7 bar, the gas density is reduced due to the higher
temperature thus allowing the spray to penetrate further in a given time. The
narrower spray at the higher temperature can be explained by the fact that the
spray is less dense at its edges and therefore vaporises rapidly at these points to
produce the narrowing e ect.

4.6.2 Quantitative analysis of images
4.6.2.1

Spray Penetration

The frame-to-frame sequential average penetration distance for the developing
sprays was obtained from the binarised images as shown in

gure 4.8. The bina-

rised images were stored in a matrix and rapidly processed via the Matlab code to
obtain approximate pixel coordinates of the injector ori ce and the coordinates
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Figure 4.14: Effect of chamber gas density on spray penetration length. (The spray reaches
the limit of the viewing window at just under 60mm).

of the spray tip deemed furthest from the injector. The spray length is then
calculated from these values as illustrated in figure 4.15.
Figure 4.14 shows the spray penetration with time for increasing gas density.
Error bars show standard deviation of 10 sequential injections. For comparison,
figure 4.21 in the Appendix at the end of this chapter, plots the 10 bar, ambient
temperature (300 K, 11.61 kg/m 3 ) average spray penetration length data against
a primitive early correlation found in the literature.
The higher temperature, 7 bar chamber pressure condition is also displayed on
the same graph (473 K, 5.16 kg/m 3 ). The frame sequence has been converted to
standard times, where 0 corresponds to the time the trigger signal is sent to the
injector. The initial 4 frames (476 to 667ps after SOT) of the developing spray
show little deviation in spray lengths for all gas density conditions. After this
point, the atmospheric pressure condition and high temperature condition deviate
in a similar way for the next 3 frames (714 to 810ps after SOT). After this point,
the curves diverge displaying a trend for the penetration lengths to get shorter as
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Illustration of the co-ordinate system used to calculate spray length of binarised

image matrices in Matlab.

chamber gas density increases. This holds true even for the higher temperature
case, demonstrating that the lengths show sensitivity to gas density as opposed to
simply pressure, a point which has been con rmed by numerous authors (Desantes

et al., 2005a; Lefebvre, 1989b; Naber & Siebers, 1996). Appendix gure 4.22 shows
the penetration length data for constant pressure, varying temperature (case 2)
tests. From

gure 4.22 it can be seen that the higher temperature curves are

non-linear and quite di erent to the ambient temperature, increasing pressure
case 1 conditions. Furthermore, injector behavior such as characteristic needle
lift times at the higher temperature conditions was observed to be di erent and
thus is discussed further within this chapters Appendix.
Figure 4.16 shows frame-to-frame variation of penetration lengths for the developing spray into increasing chamber gas densities as such a graph is a good
indicator of momentum change seen by the penetrating spray tip. These frameto-frame di erences were calculated by simply subtracting the previous frame's
penetration length from the current frame for each consecutive frame pair, i.e.:

 frame 2 spray length{frame 1 spray length = spray length increase for rst
frame pair,

 frame 3 spray length{frame 2 spray length = spray length increase for second
frame pair...
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frame 30 spray length{frame 29 spray length = spray length increase for
nal frame pair, etc.

From

gure 4.16, frame-to-frame variations in spray penetration length can

be seen to show similar undulating trends across the injections into di erent
gas densities.

It is speculated that these variations are induced by the injector

mechanism and needle lift signal, but the magnitudes of the change are quite
obviously in uenced by the chamber gas density.
momentum directly, Desantes

et al.

In a study measuring spray

(2003) found similar behaviour where spray

momentum was proportional to the pressure drop across the injector nozzle.

Figure 4.16:

Spray length ux against time for di erent chamber gas densities.

From the trend shown it can be deduced that the penetrating spray tip undergoes accelerating and decelerating periods, during a single injection.
importance of this observation relates to the fact that these velocity

The

uctuations

occurring as a result of the fuel injector can a ect the spray and droplet distribution/concentrations as the spray penetrates the combustion chamber of an engine.
This directly in uences the fuel-air mixing process and extensive research (Flynn
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et al.,

1999; Kim

et al.,

2002) has shown that local spray/vapour concentration

distributions play an important role in ignition, initial
local emission formation.

ame development and

Another observation that can be made is that these

accelerating/decelerating periods arise as a result of cavitation within the injector nozzle. From the work of Chaves

et al.

(1995) it can be assumed that for the

experimental conditions presented in this paper, injections would be occurring
under a cavitating

ow regime whereby any vapour cavities formed would col-

lapse outside of the nozzle hole. The features of the spray circled in the upper left
frame of

gure 4.11, show bulges that have survived the phase averaging process.

This indicates a relatively regular and dominant feature.

Such a feature could

arise as a result of a bursting or collapsing vapour cavity which contributes to
the liquid disintegration near a nozzle hole.
near the nozzle holes are signi

The implications of such features

cant as their presence can occupy the nozzle's

cross-sectional area, thus imparting transient e

ects onto the spray velocity and

momentum (Smallwood & Guilder, 2000).

4.6.2.2

Shot-to-Shot Variation

In principle, there is an optimum combustion event to produce the highest thermal
eciency or lowest exhaust emissions and variability causing a departure from
this optimum will lower eciency or worsen emissions.

Such variability in the

combustion cycle could result from cyclic variability in the injection event.
Figure 4.17 shows the shot-to-shot variation in the spray tip penetration length
for 10 consecutive injection events. The variability is seen to increase as the spray
progresses but peaking at a time midway through the injection event (which had
a 0.7 ms trigger signal).

The variability can also be seen to decrease as the

chamber pressure increases.

Interestingly the higher temperature case (7 bar

, 473 K) aligns itself more closely with the low temperature tests with similar
pressure than those of similar gas density.
of the variability as opposed to gas density.
expected to impart aerodynamic e

ects to in

This suggests pressure is a cause
Gas density variations would be
uence the spray tip variability, so

the correlation with pressure indicates other factors must be present.
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Figure 4.17: Variability of spray tip penetration for 10 consecutive cycles.
4.6.2.3

Spray Angles

Conventionally spray spread or cone angles are used to de ne spray geometry,
although methods to measure these angles vary signi cantly as noted by KleinDouwel et al. (2007). Although some quite sophisticated methods have been
used certain features of the spray may have been ignored or missed by those authors. From the high speed short exposure spray images presented here it can be
seen that smooth boundaries and linear angular progression of the spray are not
qualities which easily describe a real diesel spray in an inert low temperature atmosphere. The averaged images for the case 1 tests highlight two distinct features
i) As soon as the fuel spray leaves the injector nozzle a wide angle extending less
than 5mm downstream of the nozzle is exhibited. This cone angle then decreases
producing an angular step change. The initial angle close to the nozzle implies
injector e ects are the cause, whilst the angle after the step change is caused by
prevailing chamber conditions. ii) The averaged images show the spray to have an
overall elliptical shape. Therefore applying a tangent to determine a cone angle
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of the spray would only be relevant for a small portion of the spray. Therefore,
another parameter termed the mean spray width is proposed as a parameter with
which to evaluate spray qualities which are indicative of the level of spray lateral
dispersion. Note that visually for the higher temperature case, an angular t to
describe the spray does seem more meaningful.

4.6.2.4

Average Mean Width

The average mean width is a parameter which is proposed here, as a method
of identifying how the overall spread or distribution of the spray varies with
changes in ambient conditions as the spray develops. The parameter is principally
proposed as a response to the ellipsoidal shape of the spray images obtained which
produced multiple measurable spray angles to be de ned, therefore making a
single measurable cone angle of the spray to use as an indicator of the spray
spread dicult to de ne. From section 4.6.2.1 it has been seen that ambient gas
density has an e ect of reducing spray penetration length rates, and therefore at
the low temperature conditions, as no vaporisation is occuring, it seems sensible
that an increase in the lateral spread of a spray would occur. To demonstrate
this, gure 4.18 shows various examples of triangular geometries which all have
the same 2-dimensional area to function as a representation of a diesel sprays of a
xed injection volume. All the triangular geometries have an arbitrary unit area
of 1, but the lengths have been varied in order to demonstrate the "thickening"
a spray or in this case increase of the cone angle that the xed injection volume
must take, should its length be altered.
Figure 4.19 shows the average mean width with time for the varying pressure
conditions. The mean width was obtained from the binarised averages of 50
injections. These binarised images resulted in a matrix containing 0 and 1's which
correspond to the white background and black spray respectively (as shown in
gure 4.8(e). The '1' values within the matrix were summed to nd the total
spray area. The spray area was then divided by the spray length to produce a
mean width for the average of 50 injection events. Figure 4.19 shows that the
mean spray width is increasing as the spray penetrates. There is quite a tight
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Figure 4.18: Various examples of triangular geometries all of which have an arbitrary unit
area of 1, but whose lengths and mean widths are di erent.
correlation between the di erent conditions, with the largest di erences between
the spray mean widths being less than 1mm.
The

gure 4.14 of penetration length against time for the di erent chamber

conditions showed a trend of reducing lengths for increasing chamber gas densities. If the volume of fuel

owing through the injector for every chamber gas

condition is assumed constant, then the decreasing penetration lengths imply
that the volume of fuel must be spatially distributed along a di erent axis. Many
studies describe a 'fattening' of the spray at increasing gas densities which, for
the case 1 tests, is dicult to quantify using cone angles alone. The mean width
is e ectively a ratio of the sum of spray widths taken along the spray at equal
intervals to the spray length. Thus, a fat spray with a short length should produce a similar mean width to a thin spray with long length. The tight correlation
shown in

gure 4.19 can only be achieved should the spray fatten at higher gas

densities as the spray penetration length decreases thus con rming the previous
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Figure 4.19: E ect of di erent chamber gas densities on spray mean width.
statement that the spray fattens as penetration rates reduce under increasing gas
density. Table 4.2 highlights the cases of the 2 bar and 10 bar chamber pressures
and shows how spray thickness and length relate to produce very close mean
widths for the two di erent cases.

Cumulative width traversed along spray x-axis (pixels)
Spray length traversed (pixel columns)
Mean spray width (mm)

10 bar

2 bar

13556

17115

366

500

3.704

3.423

Table 4.2: Relation between spray thickness and mean width for two widely varying test cases.
If this were not the case then di erences between the di erent chamber conditions would be more pronounced. For example, a spray with a cumulative width
of 50mm and length of 50mm at 2 bar and another with cumulative width of
50mm and length of 25mm at 10 bar, would produce a mean width of 1mm and
2mm respectively. Such a marked two-fold di erence is not seen within the data.
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Throughout the analysis, the results obtained at the atmospheric temperature
and pressure condition can be seen to deviate from the data obtained at higher
pressures. An explanation for this could come from the experimental procedure
under which data was obtained. For the atmospheric temperature and pressure
condition the chamber was simply open to the atmosphere and therefore exposed
to a di erent gas composition to the environment. Also much of the spray did
not remain suspended in chamber gas. The spray vapour from multiple injections would therefore not accumulate to the same extent as when the chamber
was closed and under pressure. The light transmission through the chamber
would not attenuate with successive injections to the same extent as when the
chamber was under pressure. This e ect would have subsequent implications on
the background correction, thresholding and binarisation procedure and would
help explain the more pronounced trends shown by the data obtained at the
atmospheric temperature and pressure condition.
4.6.2.5

Spray Area

Figure 4.20 shows spray areas for the evolving spray at di erent chamber pressure
conditions. Aside from the atmospheric pressure condition, after the rst 5 or
6 frames (666.7s to 714.3s after SOT) of spray development, a trend can be
identi ed for the di erent chamber pressure conditions; as di erences in spray
areas increase. Namely the spray area is seen to decrease as chamber pressure
increases. The higher temperature condition is seen to have an initially higher
spray area than the other back pressure conditions which sharply tails due to
increased vaporisation of the spray. The increase in vaporisation can only be
assumed as the backlight illuminated imaging technique used is principally sensitive to optically dense liquid or very dense areas of vapour, and the two are
not distinguished from the other. The initial increase of the higher temperature
condition is assumed to be a result of a deviation in the injector needle lift at
higher temperatures.
Assuming that the volume of liquid owing through the injector ori ce at all
chamber pressure conditions is the same per time interval for the developing spray
or that the total volume injected per injection is the same, then the area for all
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Figure 4.20: E ect of di erent ambient gas densities on spray area.
conditions should be similar, which is shown to be the case. It was deduced from
the mean width analysis that a 'fattening' of the spray is assumed as chamber gas
density increases. As the spray spatial distribution widens, the liquid density at
its transient tip and edge is likely to decrease as spray dispersion increases. This
would result in higher optical transmission of the back light through the spray,
such that the lower concentrated areas would be deleted from the image by the
binarisation process. This would explain why a systematic trend of reducing spray
area with increasing charge density is observed. Another possible explanation
would be that the chamber pressure is slightly a ecting the spray volume injected
per time interval (i.e. the ow rate through the nozzle) which would be dependent
on the pressure drop across the nozzle. As the fuel injection pressure varied during
testing by 2 bar then the only meaningful comparison that could be carried out
to determine whether ow rate varies with pressure drop is to compare the 10 bar
and 2 bar chamber pressure cases. These pressures are suciently di erent to
account for injection pressure variability in the determination of injector pressure
drop e ects on fuel ow rate. Comparison of these two tests does show di erences
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between the 2 bar and 10 bar cases especially after 6 or 7 frames. However, to
prove this is the case the tests would need to be repeated with the injection
pressure being increased to match the increased chamber pressures such that the
pressure drop across the nozzle ori ce remained constant.

4.7 Conclusions
Characterisation of diesel sprays and of the novel high temperature, high pressure
facility in development has been presented. Some early results obtained using
the new rig have been brie y presented. The emphasis of the results is on short
command duration, highly transient diesel injections which were studied over a
narrow range of pressure and temperature conditions at a xed injection pressure.
The results demonstrate the current capabilities of the rig, such as allowing a high
number of repeat injection events to be obtained under the desired experimental
conditions. In order to make use of such a large number of data sets, an image
processing and averaging technique has been developed and described. Some
limitations of these techniques have also been identi ed. The averaging method,
despite slightly smearing spray features, was found to signi cantly help identify
strong repeatable spray features. Such features would take a large amount of time
to discover if a high number of images were required to be individually assessed
by eye. The averaging method also enables geometric data to be obtained more
easily from spray images as smoother edge contours are able to be de ned for the
calculation of spray angles. Some of the important ndings from the results and
image processing analysis were:
 The penetration lengths show that as chamber gas density increases the

penetration length decreases for each time step.
 Overall, the trends shown by transient penetration length data are similar

to those shown in other studies.
 Mean spray width is presented as an alternative parameter to spray angle

and can be used to aid characterisation of diesel sprays in terms of their
level of air entrainment/mixing. The mean width appears to show evidence
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of a spray fattening e ect occurring as chamber gas density increases, thus
implying increased air entrainment.

 Shot-to-shot variance of the spray tip penetration length was seen to decrease with increasing chamber gas density.

 Shot-to-shot variance of the spray tip penetration length was seen to reach
a maximum when the spray was halfway between the time of its initial
arrival outside the injector to the time where the injector needle is thought
to have closed.

 An indication of spray tip momentum changes over the transient injection
period is presented. The magnitude of these momentum uxes appear to
be damped by increasing chamber gas density. Cavitation or needle bounce
e ects are a possible cause.

 For the case 1 testing two or even three spray cone angles could be identi ed.
Signi cantly there appears to be an initial angle formed straight out of the
injector nozzle which for the reliable obtainment of cone angle data would
require another future study using a long distance microscope lens to image
this region. Following this region, the spray then undergoes a sudden cone
angle reduction immediately after a distance which is less than 5mm from
the nozzle.

 For the high temperature test, only one obvious spray angle was seen and
the spray was signi cantly narrower.

 The injector behaviour was seemingly in uenced by the higher temperature
conditions.
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Chapter 4: APPENDIX Ch.4
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Figure 4.21: Comparison of sample spray penetration data obtained from rig with curve
produced from correlation equation taken from Dent (1971) [22].

Figure 4.21 shows the penetration length data of sample injection test compared against a curve produced from an engineering correlation formula used to
predict penetration length under the same conditions as the test data. Since the
correlation used in gure 4.21 was produced there has been signi cant development in common rail diesel injection systems and injectors. Therefore, an initial
overshoot is observed at the rst data point, which causes an o set value between
the test and correlation data that promisingly remains fairly constant as the spray
penetrates and indicates that the new rig is producing results in line with what
should be expected. Interestingly, at about 1029 microseconds after the start of
triggering, the test data shows a deviation from the initial linear increase in spray
penetration with time that the formula plotted data does not represent. This is
due to the fact that the formula does not take into account the fact that injection
pressure only has a more signi cant e ect on the initial motion of the spray prior
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to break up, whilst ambient gas density has its major impact after breakup, hence
the change in shape of the penetration curve for the real test data.
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Figure 4.22: Penetration length data for the case 2 test conditions of varying ambient temperature at constant back pressure, with calculated gas densities shown.

Figure 4.22 shows that penetration length appears to reduce as temperature
decreases although as the temperatures are not considerably extreme relative to
engine conditions, it is more likely the length reduction is due to the reduction
in gas density due to the temperature increase. Also observable is a deviation in
the injector behavior at higher temperatures. Noticeably, the rst signs of spray
leaving the injector nozzle appear reduced or delayed and the spray experiences
more severe momentum changes.
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Figure 4.23: Average spray area during its development for the higher temperature case 2
conditions.

Figure 4.23 shows spray area to reduce as temperature increases, for the higher
temperature conditions only. This seems appropriate as with increased temperatures, more vaporisation is expected thus the imaging and subsequent processing
would detect a lower spray area. However, overall the spray area for the temperature cases is higher than the ambient temperature case at the same pressure.
Furthermore, the elevated temperature cases shown in gure 4.22 and 4.23 seem
to reach a peak penetration length or spray area after which they level out and
then decline, whereas the ambient temperature case continues to linearly increase.
For the 473 K temperature, the leveling out e ect of the higher temperature data
possibly demonstrates the spray is reaching a quasi-steady length for the given
condition, where the vaporisation and dispersion rate has achieved equilibrium
with the rate of fuel injection. The decline seen after the peak is due to the
injector closing.
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Chapter 5
E ect of Fuel Additives on Diesel
Sprays
In this chapter the results of a study into the fundamental e ects of a range of
additives on diesel spray characteristics are presented. The tests and processing
methods for the obtainment of quantitative spray measurements are performed
following similar protocols as carried out for the base fuel, outlined in chapter 4.
In section 5.2.2, the measured spray characteristics obtained from the high
speed back-light illuminated imaging tests are presented and discussed for the
additive bearing fuels and the base fuels.

Further to the spray measurements

outlined in chapter 4, the droplet size distributions of the base and the additive
containing diesel fuels were investigated in order to determine whether the additives could fundamentally create any measurable changes to droplet sizes within
diesel sprays. The experimental setup for the droplet size distribution tests are
presented in section 5.2.6 alongside a discussion of the the resultant variations
found for the additive bearing fuels and the base fuels.
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5.1 Literature pertaining to the e ect of fuel additives on atomization, evaporation mixing,
ignition and combustion.
The Introduction of this thesis mentioned that very few recent investigations have
been carried out to understand the overall e ect fuel additives have directly on
the combustion processes, thus an argument for an updated study was made.
Fundamentally, additives can make changes to the physical fuel properties that
in uence atomisation, which may therefore produce quanti able changes in spray
characteristics, including macroscopic measurable data such as spray penetration length and microscopic measurable data such as droplet sizes. Therefore,
in recognition to the fact that limited research is available on additive e ects
directly, the literature review that introduces this additive focused chapter, will
also include investigations that researched into fuel property component e ects
on atomization alongside overall additive e ects.
5.1.1 Fuel property e ects on atomization

According to Lefebvre (1989b), the liquid fuel properties of signi cance to atomization are density, viscosity and surface tension. The square root of density is
known to correlate proportionally with mass ow rate through an ori ce. For
liquid fuels it is dicult to alter density without altering another parameter and
thus a controlled study into its e ects is hard to carry out. However, the signi cance of density as a property warranting investigation is diminished by the
fact that variations between fuels is relatively small and for the practical range of
density variation possible the e ect on droplet size is negligible. Surface tension
is signi cant as it represents the force that resists formation of a new surface area,
i.e. a droplet, and surface tension decreases with increasing temperatures. Viscosity is perhaps the most important property for atomization as it a ects drop
size distribution, nozzle ow rates, and spray patterns. Increases in viscosity lowers Reynold numbers and also hinders the development of natural instabilities in
the liquid jet, and the net e ect is to delay jet disintegration, reduce secondary
disintegration and increase drop sizes.
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Elkotb (1982) carried out drop size measurements of fuel sprays in a quiescent environment using a slide sampling method (in this method a glass slide is
swiped through a spray to capture a sample of droplets which are then counted
and measured using microscopes). To study the e ect of fuel properties, Elkotb
(1982) used diesel as a base fuel and individually mixed with it at intervals of
10% volume, light diesel fuel, kerosene or gasoline to alter the individual fuel
properties. It was apparent that it was not possible to reduce one variable at a
time whilst holding the other two constant. In fact as the volume percentage of
another fuel blended into the base diesel fuel increased, all three parameters were
seen to reduce together. Despite this limitation in the Elkotb (1982) technique,
he still made useful observations at the extremes of these property values. He
observed that under similar conditions, a combination of lower surface tension &
density values gave a narrower size distribution, and higher peaks of lower diameter droplets, in comparison to the fuels with higher values of these properties.
In his PhD thesis, Williams (1994) intended that hydrocarbon fuels would
be selected so that three test matrixes could be conducted that would allow
one property variation whilst keeping the other two constant. Unfortunately, it
was discovered that across the most common hydrocarbons, all three parameters
tended to vary together. More obscure hydrocarbons were identi ed and could
have been used but at signi cant cost. In the end, a collection of hydrocarbons
with a wide range of surface tension, viscosity and density were selected and
carefully blended by Williams (1994), in order to try and produce a range of blends
where only one of the three parameters changes. However, he found that through
increasing levels of blending of certain hydrocarbons it was impossible to keep
one variable constant, as the majority of the time two or more parameters would
change. As a result Williams (1994) identi ed blend ranges where he could couple
surface tension and density together and vary only the viscosity. With these
blends he found that for a similar viscosity, there was a 5% droplet size increase
for a 15% increase in surface tension and an 8% increase in density, where the
injections were carried out using a port fuel injector with 3 bar injection pressure,
which injected into an air ow with a bulk mean velocity of 12 m/s (0.3097 kg/s).
Finally he also grouped all three properties (surface tension, density and viscosity)
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together and increased them as a unit and found the correlation that an increase
in all three properties increases droplet size.
Williams (1994) blended the fuels in relatively large quantities to achieve
property changes. However, additives are surface active polar compounds and
may disperse or blend di erently and so when blended into fuels in relatively
small amounts may allow for the possibility of altering a single property of a fuel
signi cantly.

5.1.2 Detergent additive e ects on atomization
Since the Elkotb (1982) paper and Williams (1994) thesis, only a couple further
pieces of literature could be found that investigated the fundamental e ect of
fuel properties on diesel atomization, both of which also incorporated a study of
fuel additive e ects. Elkotb (1982) and Williams (1994) both seem to show that
additives and di erent fuel properties have some in uence on spray and droplet
formation, although occasionally arriving at experimentally unsubstantiated conclusions which call for further investigation.
Felton et al. (1997) identify that fuel additives such as detergents alter speci c
fuel properties that govern droplet formation in an atomized spray. Therefore he
carried out a study to determine the extent of their e ect on diesel atomization
and evaporation. Detergent additives are essentially surfactants or polar compounds, thus it is speculated by Felton et al. (1997) that they may have some
e ect on spray formation and development. Felton et al. (1997) made use of a
spray chamber to obtain drop size distribution data via a Malvern particle sizer
and used an optical engine to visualize spray liquid and vapour phase via the
exciplex LIF technique. Unfortunately no data of any kind on the additives used
or how they alter base fuel properties in the tests undertaken in the study were
given as they were proprietary information, however, the normal detergent combination of surface tension modi er and dispersant can be assumed. Napthalene is
a common component of diesel detergent additives and is also used as a tracer for
the exciplex technique. In fact many exciplex systems rely on the laser excitation
of aromatic species such as naphthalene which react with an excited monomer
to form the exciplex (Fansler et al., 2009). It is a general requirement that the
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aromatic naphthalene be provided in the liquid phase in an excess amount in comparison to the monomer to ensure exciplex formation. It appears Felton et al.
(1997) sought to avoid adding naphthalene as a tracer as it could diminish the
measured magnitude of any additive e ect, which would already be added in minuscule quantities to the base fuel. He achieved this by selecting and modifying a
diesel fuel with high aromatic content. This had the added bene t of increasing
the applicability of any results obtained to conventional real life situations where
additive e ects would be seen on commercial fuels only.
The study by Felton et al. (1997) qualitatively demonstrated from a small
data set that detergent additives at higher treat rates than normal may have
an e ect on evaporation rate and droplet diameter, but this is highly dependent
on the base fuel used. Sauter Mean Diameter reductions of the order of 10
25%, average droplet volume reductions of 30

60%, delays in spray arrival time

to the droplet measurement zone and signi cant in uence on spray evaporation
times were reported. However, the investigation was unable to determine whether
di erences in the evaporation rates were a consequence of the additive compounds
or their physical e ect on making droplet sizes smaller and the ndings were also
found to be very dependent on the constituent makeup of the selected diesel
reference fuels. It is important to note that this investigation only studied spray
evaporation in temperatures up to 360  C, which implies that the vaporization
rates of the fuel spray are not mixing limited but rather heat and mass transfer
limited at the droplets interface. Interestingly, spray variability would have played
a signi cant role in the experiments carried out by Felton et al. (1997) as at the
time no common rail control of injection pressure was used, and spray variability
would have been highly dependent on pump speed. Therefore, there is much
room for re nement in the experimental technique suggested by Felton et al.
(1997), including: i) the use of phase doppler anemometry (PDA) which with
the appropriate optics is better suited to droplet sizing in the denser near nozzle
portion of the diesel sprays in comparison to the Malvern system; ii) the use of
common rail fuel injection for a more reproducible diesel spray; and iii) the use
of a single component diesel surrogate fuel to reduce variability.
Yule et al. (1998) sought to further this work by generating a robust database
of phase Doppler anemometry (PDA) measurements of dense fuel sprays at above
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atmospheric conditions (14 Bar back pressure, injections into CO 2 gas, 21o C ambient temperature) in a constant pressure ow-rig (CPFR) to simulate quiescent
and cross ow conditions. From spatial and temporal PDA measurements Yule
hoped to indirectly characterize diesel fuel sprays of varying properties. Data on
droplet size in denser diesel sprays has only been able to be conducted since the
development of phase Doppler laser techniques as it allows for size and velocity
measurements at high rates, thus making it ideal for dense dynamic sprays. However, PDA is limited to resolving only near spherical droplets generally smaller
than the interrogation volume and within a certain velocity range, thus poorly
atomized liquid and dense droplet concentrations will decrease droplet detection.
Great care needs to be taken when using a point based measurement tool such
as PDA to characterize a fuel spray.
Two base fuels (European diesel and 50/50 diesel/kerosene) with di erent
densities and viscosities, but still within the range of standard European fuel
properties were selected for study by Yule et al. (1998). A further diesel fuel
which was treated with a very high level of detergent additive was also tested
and the properties of each fuel can be seen in table 5.1 below. The PDA system
was setup to measure diameter, velocity and arrival time of spray droplets passing
through a 74m sample volume at three axial positions in the spray and across
numerous radial positions. Due to spray density the PDA system phase averaged
200 sequential injections, where each injection consisted of 200-250 droplets, measured during the rst 6ms of injection, i.e. long enough to include main spray bulk
and its tail. Measurements were only possible if strict criteria imposed by the
PDA software were met. These criteria concerned droplet sphericity, number in
measurement volume, size and velocity and scattered signal visibility. Therefore
from the data validation rate could be de ned as the ratio of the number of measurements that met the criteria to the total number of measurement attempts.
The validation rate was found to be only 50% at the spray core and 80% at its
periphery thus calling in question the statistical reliability of data obtained from
the spray core as a much smaller sample is actually measured and a larger mean
diameter is measured. Despite the low validation rate having implications that
the measurements are not fully representative of a spray, the actual number of
samples taken (50,000) at quiescent conditions may provide some compensation.
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However, for cross ow conditions the same cannot be said as sample numbers
were reduced to 6000. Yule et al. (1998) points out that cross ow conditions
also had the e ect of reducing validation rate at the spray periphery due to the
smaller droplets being swept away, although no magnitude of the reduction is
given.
In terms of fuel property e ects on droplet size at quiescent conditions, the
largest di erences were seen in regions at the edge of the spray, with the lower
density and viscosity diesel/kerosene blend tending to produce the smallest drop
sizes. However, owing to the variability experienced between repeat runs, only
di erences in drop sizes of more than 3 m for di erent fuels could be said to
be signi cant, and none of the fuels displayed a variation above this. The fuels
tested in the Yule et al. (1998) article displayed mean diameters of roughly 20 m,
thus a 3m di erence would imply a 15% variation. It can be said that with a
15% variability between repeated runs, to call any variation in measured droplet
diameter less than this insigni cant, is erroneous. Yule et al. (1998) later tries
to put this into perspective by stating that increases in injection pressure from
300bar to 800bar are known to reduce mean droplet size by 50%. Modern diesel
injectors currently inject at pressures much higher than this ( 1500bar), through
ori ces (currently 50m) four times smaller than the one used in this study.
Meanwhile current gasoline injectors produce droplet diameters in the range of
10m. Thus it can be hypothesized that any fuel property e ect investigated in
Yule et al. (1998) article may be further ampli ed with current diesel technology.
Proceeding with Yule et al. (1998) ndings, the only variations noticed were
from limited spray shadowgraph images where the additised diesel fuel had a 20%
smaller cone angle than the other two fuels. PDA measurements con rmed this
as droplet data could only be obtained over a narrower area, in comparison to
the untreated fuels. Time-resolved data at di erent radial positions across the
spray consistently showed insigni cant di erences in the rate of penetration for
the diesel and additised diesel, whilst diesel/kerosene arrived 0.1ms later with
Yule et al. (1998) concluding there to be some fuel property e ect. The actual
e ect may be explained by the diesel/kerosene blends lower density causing a
lower mass ow rate, however this is unveri ed.
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Fuel

Density Viscosity
3



Surface Tension
(mNm 1 )

(kg/m )

(cSt;40 C)

European Diesel

850.9

3.15

28.22

28.53

50:50 Diesel:Kerosene

828.4

1.93

27.19

25.30

Diesel + Additive (2000ppm)

850.9

3.13

28.56

26.21

at 25 C

at 45 C

Table 5.1: Properties of fuel and additive blends tested by Yule et al. (1998)
Under cross- ow conditions, the distinctions between fuels were greater and
the lower density, lower viscosity diesel/kerosene blend produced markedly smaller
droplets overall which is concurrent with spray theory as described by Lefebvre
(1989b), i.e. lower viscosity results in smaller droplets. Yule et al. (1998) speculates the greater distinction is due to the smaller droplets from the developing
or receding edge of the spray pulse being removed by the cross wind. This would
give data more representative of the fully developed spray core, as the droplets
from the beginning and end of the spray pulse do not remain in the measurement
volume and skew results to a median between the three fuels.

However, this

would also imply results taken from the diesel/kerosene developed spray periphery would show a larger mean diameter and Yule et al. (1998) identi es that the
diesel/kerosene blend indeed did show the largest mean droplet size. Interestingly, the temporal data showed the diesel with additive to have a higher velocity
and penetration rate and it was suggested from shadowgraph images that this is
due to it being least a ected by the cross

ow due to its narrow cone angle.

Thus overall the diesel with additives produced the largest mean droplet diameter, highest velocity and penetration rate, and smallest cone angle.

Yule

et al. (1998) relates these ndings to a laser exciplex study using the same additive, whereby reduced fuel vaporization was observed. Reduced fuel vaporization
implies a lower volatility fuel where both large and small droplets penetrate further, but no data for the fuels volatility is provided. Also, if this was the case
then smaller droplets at the sprays periphery would survive longer and skew the
droplet size distributions accordingly, yet this was not apparent in any of the
studies. The study somewhat adds therefore that parameters such as the pene-

196

5.1 Literature pertaining to the e ect of fuel additives on
atomization, evaporation mixing, ignition and combustion.
tration rates and narrower cone angle caused by the additive would have a more
signi cant role in reducing evaporation rates.

This seems possible as reduced

spray vaporization could be a function of the narrower spray angle entraining
less ambient hot gas. The hypothesis that detergent additives may a ect droplet
break up and evaporation through surface e ects was ruled out as no size reduction was measured and the surface tensions of each fuel varied very little. It
is concluded without evidence, or through knowledge of proprietary data on the
additive, that the speci c detergent additive used is more likely to act at the
solid-liquid interface, thus coat the nozzle surface and a ect internal
leads to spray structure perturbations.
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5.1.3

Ignition enhancing additive e ects

The e ect of ignition enhancing additives on diesel spray vaporization, mixing,
ignition and combustion was explored by Higgins et al. (1998). They showed
using Mie scattering images and soot luminosity that the additive played no role
in perturbing the liquid length, spreading angle, mixing or the combustion pro le.
However, the primary e ect of the additive was determined to occur during the
ignition period, where the additive increases radical pool formation very early in
the auto-ignition period, leading to a shorter overall auto-ignition period for a
diesel spray.

5.2 Experimental results from high speed imaging
The same high speed imaging and analysis technique carried out to characterize a
diesel base fuel in chapter 4 was employed to investigate any perturbation of the
diesel sprays due to commercially available additives. The data presented here
includes, penetration lengths and spray areas of the additive containing fuels.
5.2.1 Additive test matrix

Presented here are the penetration length results for 4 di erent additive batches
mixed with the base fuel in either 50ppm (low) or 100ppm (higher) concentrations,
as shown in table 5.2. At the time of tests it was unknown what the functions of
the additives A to H were, and the tests on each additised fuel were undertaken
in a random order.
5.2.2 Spray penetration length experimental variation

Due to the realistically minuscule quantities of each additive added to the base
fuel, it was hypothesised that observed perturbations to the averaged spray penetration lengths would be of a small scale and thus dicult to measure. To help
reduce ambiguity over whether changes in the spray penetration lengths are due
to additives or due to the inherent variability of the injector and experimental
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Fuel Label Additive Description

O
A
B
C
D
E
F
G
H

Base Diesel Fuel
Detergent 1 50ppm Concentration
Detergent 1 100ppm Concentration
Detergent 2 50ppm Concentration
Detergent 2 100ppm Concentration
Combustion Improver 50ppm Concentration
Combustion Improver 100ppm Concentration
Detergent 4 50ppm Concentration
Detergent 4 100ppm Concentration
Table 5.2: Additive test matrix.

setup, several repeat tests on some of the fuels were carried out as progress was
made through the additive test matrix.
5.2.2.1

Data Normalisation
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Figure 5.1: Penetration rate data obtained prior and post additive tests for Base fuel; at the
10 bar back pressure condition.
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Figure 5.2: Normalised penetration rate data obtained prior and post additive tests for Base
fuel; at the 10 bar back pressure condition.

Figure 5.1 shows the penetration rates of the base fuel into a 10 bar back
pressure for two consecutive days with the error bars representing the shot-toshot standard deviation of 10 consecutive injections. The curves for DAY 1 and
DAY 2 are nearly identical in shape, but are also clearly o set by a di erence due
to the change in the injector needle lifting times. The curves are not shown down
to a penetration length of 0mm as no data prior to the earliest shown data point
was obtained due to the limitations imposed by the frame timing of the high
speed imaging. Figure 5.2 shows the same data normalised for the o set. The
normalisation of the curves is carried out by nding a line equation for an early
linear portion of the penetration rate curves. From the line equations, the time at
which the penetration length would reach 0mm could then be extrapolated and
each curve can be shifted so that the injector opening time was the same. From
these normalised curves it can be subjectively seen that with the o set taken into
account the curves are nearly identical. This indicates that for the additive data,
perturbations in the penetration length are in fact a result of variability in the
initial injector needle lift pro le or in the injector trigger signal unit. Thus to
remove this variable the data has been normalised to aid analysis. Furthermore,
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rather than using the shot-to-shot variation within one test to account for the
margin of experimental error, the di erence between the normalised data for two
repeat days with the same fuel is used and any resulting changes in the shapes
of the penetration rate data for the additive bearing fuel outside this di erence
will be treated as a real e ect.
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Figure 5.3: Raw penetration rate data obtained from 2 di erent injectors of the same specications for additised test fuel A; at the 8 bar back pressure condition.

5.2.2.2

Data repeatability

To further con rm the repeatability of the penetration length curve shapes to
assess the reliability of the experimental procedure, data of penetration length was
obtained from two di erent injectors with the same speci cations. The test also
helps determine the robustness of the data obtained from the current equipment
used, and whether any future tests where the injector is required to be replaced
would mean that the previous data obtained would be comparable or not. Figure
5.3 shows tests into an 8 bar back pressure for a base fuel treated with the same
additive (additive A) using 2 di erent injectors of the same speci cation. The
tests with the rst injector were taken before progress was made through the
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Figure 5.4: Normalised penetration rate data obtained from injectors 1 and 2 for additised
test fuel A; at the 8 bar back pressure condition.
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Figure 5.5: Penetration length percentage deviation from the Base fuel for the additised test
fuel A into the 8 bar back pressure taken with data obtained from 2 di erent injectors of the
same speci cations.
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Figure 5.6: Penetration length absolute percentage deviation from the Base fuel for the
additised test fuel A into the 8 bar back pressure taken with data obtained from 2 di erent
injectors of the same speci cations.
additive matrix, and the tests with the second injector taken a few weeks after
the test matrix had been completed. Figure 5.4 shows the normalised data for
these tests using additised test fuel A into the 8 bar back pressure condition.
It can again be subjectively concurred that the shape of the curves for both
injectors show good agreement, which indicates a high level of repeatability for
the experimental system and image processing procedures.

5.2.2.3

Method of identifying additive induced spray perturbations

To relate the repeatability of the curve shapes and to gauge an importance of
the magnitude of the curves deviation from the base fuel, the di erence between
the base fuel and additised fuel A for the data sets from both injectors was
calculated and this di erence as a total percentage of the base fuel penetration
length was plotted against time. This is shown in gure 5.5 where the di erences
are expressed as percentage deviation from the base fuel penetration length. To
focus on the magnitude of di erences the absolute percentage deviations as shown
in gure 5.6 are then plotted and for the remainder of this chapter these graphs
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are used to help nd and discuss any signi cant deviations in penetration from
the base fuel trends due to additives. From observation of gure 5.6 the two data
sets show good correlation and comparability between the two injectors.

5.2.2.4

Drift in experimental parameters

Figure 5.7 shows the normalised penetration rate data for Base fuel with additive
G into increasing back pressures taken before and after additive test matrix with
the same injector, whilst gure 5.8 shows the absolute deviation of fuel G from
the base fuel as a percentage for increasing back pressures. Both data sets are
tightly bound, although a slight trend of an increase in penetration length as back
pressure decreases can be seen to occur between data obtained before and after
all the additives within the matrix were tested. It can be considered that the
di erences between the before and after additive test matrix data is the natural
experimental drift or variation of the the setup. Therefore, these di erences will
be used to help indicate whether any deviations in the penetration lengths of the
fuels due to additives are real e ects, rather than simply an e ect of the inherent
experimental variation in the rig setup. Injectors of the same speci cation appear
to show little variability, and variability of the injector before and after the test
matrix is subjectively characterised as low. However, as all tests were carried
out using the same injector, it was decided to use the injectors prior and post
test variability data as an experimental error margin to help deduce whether any
measured changes in the spray length is due to the e ect of additives.

5.2.3 Spray penetration length additive data: results and
discussion
Figures 5.9 show the average penetration lengths for all tested additives which
were injected into varying back pressures which ranged from 2 bar to 10 bar at
ambient temperatures. It can be quickly seen that the overall trends for all additised fuels are similar to the base fuels, with the penetration lengths increasing
as back pressure decreases.
Figures 5.10, 5.12, 5.14 and 5.16 show curves for the base fuel termed 0 and:
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Figure 5.7: Normalised penetration rate data for Base fuel with additive G into increasing

back pressures; taken before and after additive test matrix with same injector.
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with same injector.
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Figure 5.9: Normalised penetration rate data for all fuels tested into increasing back pressures.
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 base fuel plus 50ppm & 100ppm of detergent additive 1, where the additised

mixtures are termed fuel A and B respectively ( gure 5.10).
 base fuel plus 50ppm & 100ppm of detergent additive 2, where the additised

mixtures are termed fuel C and D respectively ( gure 5.12).
 base fuel plus 50ppm & 100ppm of combustion improver, where the addi-

tised mixtures are termed fuel E and F respectively ( gure 5.14).
 base fuel plus 50ppm & 100ppm of detergent additive 3, where the additised

mixtures are termed fuel G and H respectively ( gure 5.16).
The error bars shown on the base fuel show the standard deviation from ten
consecutive injections of a single test. From the curves it can seen that the shape
of the penetration rate curves for all additised fuels deviate at certain points
from the base fuel. For the additive pairs, observations suggest that the lower
concentration follows a similar deviation pattern or shape of curve as the higher
concentration additive, i.e. the patterns displayed by the additive pairs tend to
follow each other rather than the base fuel. For example, in gure 5.10(d) for the
6 bar back pressure condition, the fuel A, with the low treat rate of detergent 1,
deviates from the baseline fuel by a small percentage from the start of injection
(SOI) and again after about 250 s after SOI. From the same graph it can be
observed that fuel B, which has the higher treat rate of detergent 1, deviates away
from the base fuel at a similar time to fuel A, although the magnitudes of the
deviation di er. These linked timings for which the additised fuel penetration
length deviates away from the base fuel is also apparent across the other tested
back pressure conditions displayed in
Visually

gure 5.10.

gure 5.12 appears to show a similar trend, with fuel C (low con-

centration additive 2) more closely resembling the penetration length curve of
additive D (high concentration additive 2). However, in comparison to fuels A
and B both C and D appear to deviate less from the base diesel fuel penetration
length curve. Figure 5.14 displays a similar trend to fuels A and B, with fuel E
and F's penetration length curves following each other more closely than the base
fuel's. Finally, again in

gure 5.16, it can be seen that fuels G and H demonstrate
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the same tendencies as the other fuels, although the deviations from the base fuel
seem smaller.
Figure 5.4 showed that the shapes of the curves produced by the additised
fuels are reproducible, thus it may be subjectively asserted that additives A and B
for example are the cause of speci c deviations. However, to arrive at an objective
conclusion on the meaning of the data and to add weight to this assumption, the
inherent error margins of the experimental setup and data processing procedures
need to be taken into consideration.
Figures 5.11, 5.13, 5.15 and 5.17 shows the magnitude of the deviations in the
base fuel as a total percentage of the base fuel penetration length. The circled
data points which are joined by a thick line if they occur sequentially highlight
the data points which show a deviation from the base fuel which is larger than the
veri ed experimental error of the system. From these graphs it can be seen that
for all the additised fuels, the majority of the spray penetration length data points
are found within the experimental error. Relative to the base fuel, percentage
deviations are large early on (between 0 to 200 s) as the spray is leaving the
injector across most back pressure conditions and more of these early points show
a deviation magnitude of signi cance. The large percentage deviations seen in the
rst few frames are primarily attributable to the fact that percentage deviations
were calculated using a very small value of penetration length during the early
frames, i.e. the deviation may be 0.5 mm, but if the penetration length is of the
order of a 1 mm then the deviation is 50%. After 200 s the deviations for most
the back pressure conditions appear to fall, with the maximum average deviation
from the experimental error bars/limits being about 5%. The areas where the
deviations appear to be signi cant seem to occur at the start of and towards the
end of injection although this trend appears to occur quite randomly across the
various back pressure conditions. Despite the lack of consistency in trends, it is
possible to speculate that the signi cant deviations occurring towards the start
and end of injection indicate that any additive e ect, a ecting the spray pattern
is due to behavioural changes of the

uid

lifts and falls.
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Figure 5.10: Normalised penetration rate data for Base fuel with additives A and B into

increasing back pressures.
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Figure 5.11: Penetration length percentage deviation of additised fuel A and B from base.
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Figure 5.12: Normalised penetration rate data for Base fuel with additives C and D into

increasing back pressures.
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Figure 5.13: Penetration length percentage deviation of additised fuel C and D from base.
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Figure 5.14: Normalised penetration rate data for Base fuel with additives E and F into

increasing back pressures.
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Figure 5.15: Penetration length percentage deviation of additised fuel E and F from base.
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Figure 5.16: Normalised penetration rate data for Base fuel with additives G and H into

increasing back pressures.
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5.2.4 Spray penetration area additive data: results and
discussion

As with the spray penetration length the area of the spray as it develops was
obtained from the binarised images of the image processing procedure. The experimental variance was characterized again by taking the prior and post test
base fuel di erence to be the error margin outside of which changes in the areas
were deemed to be signi cant.
Figure 5.18 shows the normalised penetration area data for Base fuel with
additive G for increasing back pressures taken before and after the additive test
matrix with the same injector. In comparison to the penetration lengths di erences shown in gures 5.7 & 5.8, the di erences in area between the prior and
post matrix additive G tests are larger.
Figure 5.19 simultaneously shows: the penetration areas (plotted against the
left/primary y-axis) for all additised fuels at varying back pressure conditions;
and the magnitude of the deviations in the base fuel area as a total percentage
of the base fuel penetration area (plotted against the right/secondary y-axis) for
each additive. The error bars shown on the base fuel deviation percentage show
the di erence between the two tests carried out on additised fuel G as shown in
gures 5.7 & 5.8 to be used as an indicator of the experimental error margins.
From the penetration area curves it can seen that all the additised fuels begin
tightly bound for the early part of injection and start to deviate after a 'kink' or
sharp increase in the penetrating area occurring at about 300 s after the SOI.
Figures 5.20 to 5.23 show the same data as the graphs in gure 5.19 separated
into the additive pairs.
For the additive pairs the observed patterns are extremely similar to the patterns describing the penetration lengths. It can be observed that the lower concentration follows a similar deviation pattern or shape of curve as the higher
concentration additive for many of the tested back pressures, although occasionally a seemingly random pattern emerges. From gure 5.20 the spray penetration
areas for fuel A and B can be seen to show similar deviations from the base fuel
for the 10 bar and 8 bar back pressure conditions although the pattern is more
random at the lower pressures. Figure 5.21 shows a much closer trend in spray
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Figure 5.18: Penetration area for additised fuel G obtained from data from 2 di erent days.
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area deviation from the base across the back pressures for fuels C and D. Fuels
E and F, seen in gure 5.22 show a similar trend in deviation from the base fuel
as fuels A and B, in that most back pressure conditions show the fuels deviating
similarly whilst the one 10 bar back pressure condition doesn't seem to follow
this trend. Finally spray penetration areas for fuels G and H seen in gure 5.23
appear to deviate from the base in a close pattern, as was the case with fuels C
and D.
The circled data points across gures 5.20 to 5.23, which are joined by a thick
line if they occur sequentially highlight the data points which show a deviation
from the base fuel which is larger than the veri ed experimental error of the
system. As with the spray penetration length data, the majority of the spray
penetration area data points are found within the experimental error for all the
additives tested. Relative to the base fuel, percentage deviations are large for the
earlier half of injection (between 0 to 500 s) across most back pressure conditions.
The areas where the deviations appear to be signi cant seem to occur at the start
of and towards the end of injection although this tenuous trend appears to be
rather sporadic and no pattern could be statistically proved across the various
back pressure conditions and di erent additives.
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Figure 5.19: Penetration area (left y-axis) for all fuels tested and penetration area percentage

deviation (right y-axis) of additised fuels from base fuel.
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Figure 5.20: Penetration area and penetration area percentage deviation from base fuel for

additised fuel A and B.
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Figure 5.21: Penetration area and penetration area percentage deviation from base fuel for

additised fuel C and D.
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Figure 5.22: Penetration area and penetration area percentage deviation from base fuel for

additised fuel E and F.
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Figure 5.23: Penetration area and penetration area percentage deviation from base fuel for

additised fuel G and H.
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5.2 Experimental results from high speed imaging

5.2.5 Spray penetration additive concentration di erences
If there are any, small scale di erences between the three detergent additives and
one combustion improver additive are dicult to verify or validate statistically
from the current data. However, it has also been hypothesized that there may be
an overall di erence brought about by the di erence in the low and high additive
concentrations tested. To visualise any trend, bar charts were produced which
displayed the additives' spray penetration length percentage deviation (PLD)
from the base fuel as a group of low concentration additives and another group
of high concentration additives for several sample time points after SOI. An example chart, using invented data taken at an invented sample time point, is
shown in

rst

gure 5.24, and is presented here to help explain the expected patterns

that could indicate whether or not increasing additive concentration increases the
amount the penetration lengths of additised fuels deviate from the base fuels penetration lengths. From

gure 5.24, it can quickly be seen, that across all the back

pressures, the higher concentration detergent additives B, D and H, increase the
PLD from the base fuel in a proportion higher than the lower concentration additives' A, C and G. Conversely, an increase in the combustion improving additive
concentration has the reverse e ect.
Figures 5.25 to 5.30 shows the bar charts produced for the above explained
reason, using the obtained data of additised fuel PLD from the base's for selected
time intervals of the penetrating spray.

To aid observations there is a colour

shading convention for the lower and higher concentration matched fuels e.g. fuel
A with 50ppm of detergent additive 1 and fuel B with 100 ppm of detergent
additive 1 are both a shade of blue. As was the case with the example chart,
across the varying back pressures tested any trend or pattern across and between
the additives bought about by an increase in additive concentration should be
similar and visible between the left and right groups.
For

s

gure 5.25, showing penetration length deviation from the base at 142.9

after the SOI for all the additive pairs, no consistent trend of an increase in

additive treat rate causing a constant increase or reduction in PLD from the base
fuel across all the back pressures is seen. Following on, the same lack of pattern
or trends can be seen for the other sampled time intervals shown in

226

gures 5.26 to

5.2 Experimental results from high speed imaging
5.30, therefore from these graphs the qualitative conclusion that no clear patterns
for additive concentrations are apparent can be made.
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Figure 5.28: % Penetration length deviation from base at 571.4 s after SOI; low concentration
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Figure 5.29: % Penetration length deviation from base at 714.3 s after SOI; low concentration

additives grouped on left, high concentration additives grouped on right.
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Figure 5.30: % Penetration length deviation from base at 857.1 s after SOI; low concentration

additives grouped on left, high concentration additives grouped on right.

234

5.2 Experimental results from high speed imaging

Theoretically there is still small reason to believe that a change in the concentration of just the detergent additive in the base fuel will generally have a greater
magnitude of e ect in the increase or decrease of the penetration length deviations of the additised fuels from the base fuel. Thus, to more easily determine
if there is a magnitude change in the percentage deviation of the additised fuel
from the base fuel, gures 5.31 to 5.36 have been plotted.
Figure 5.31, visually highlights again that it is dicult to identify a clear
pattern that indicated the increase in detergent additive concentration increases
or reduces PLD from the base fuel. Trends between the two concentrations for the
detergent additives across the range of back pressures are not apparent. Further
to this looking though the proceeding time samples in gures 5.32 to 5.36, a
consensual trend which would indicate a non-random e ect refuses to appear.
As no qualitative trend could be described from these graphs, a simply binary
analysis on gures 5.31 to 5.36 was undertaken to statistically determine whether
the increase in concentration caused an increase or reduction in the additised fuels
PLD from the base. The consensual e ect across pressures and time intervals
sampled was found to be:


detergent 1 increases deviations by a small margin



detergent 2 increases deviations by a small margin



detergent 3 doesn't have an overall e ect on deviations
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Figure 5.31: % Penetration length deviation from base at 142.9 s after SOI for detergent
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Figure 5.32: % Penetration length deviation from base at 285.7 s after SOI for detergent
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Figure 5.33: % Penetration length deviation from base at 428.6 s after SOI for detergent
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Figure 5.35: % Penetration length deviation from base at 714.3 s after SOI for detergent
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5.2.6 E ect of additives on droplet size distributions
Penetration lengths, areas, etc. of sprays are considered as macroscopic measurements describing important qualities of the spray pertinent to the overall
air/fuel mixing process and indicative of the spray breakup mechanisms. On the
other hand, droplet size is considered to be a microscopic measurement which
can quantify the level of atomisation in a spray as well as provide information
into the heterogenous nature of the spray. With this is mind, measurements of
the droplet size distributions were taken of the base fuel plus additive mixtures
using a Malvern Spraytec particle sizing system. This droplet sizing study was
undertaken into an atmospheric environment using the same injection conditions
as the previous tests (400 bar, 0.7ms command duration).
5.2.6.1

Interpreting droplet size distributions

Droplet sizes measured within a diesel spray tend to be polydisperse. In addition, droplet sizes can vary with time and are dependent on the location of the
measurement taken in a spray. Therefore, signi cant variations in the measurements can be made if care is not taken with regard to time and location. Due
to this, local droplet sizes in the spray are usually represented as a droplet size
histogram distributions. However, using droplet size distributions for comparison
of di erent fuel spray data or even to model is dicult. To simplify and provide a
description of the droplet size distributions a number of mathematical functions
have been proposed, based on probability or entirely on empirical considerations,
that enable a mathematical representation of droplet size distribution in a spray.
The functions tend to be dependent the on speci cs such as the injector used,
injection conditions or positions within the spray (Arcoumanis et al., 1997) and
therefore are notable to represent all droplet size data found for any scenario of
injection.
As an alternative to size distribution data, sprays can be characterised by
the droplets' mean diameters which can be obtained from a size distribution
histogram using expressions of the form:
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P N N da ! a
i i
dab = PiN=0
N db
i=0

i i

1

b

(5.1)

where N i is the number of droplets with diameter d i is the corresponding
diameter of class i, and a & b are integers whose values are dependent on the
basis of the size distribution from the droplet size measuring system i.e. number,
surface, volume, etc. For example, if a microscope system was used to measure
the diameters of varyingly shaped droplets on a slide, a limited number of size
class/group of diameters could be de ned and the number of droplets on the slide
that fall into each diameter class can be counted. The count can be undertaken
fairly easily if the total number of droplets on the slide is low, and therefore
the size distribution would be given on a number basis. Should the number of
droplets to count be so high that some are missed in the count then conversion
errors can be magni ed signi cantly.
For example, if a volume or mass output is needed, not counting one 100 m
droplet has the same e ect as not counting a thousand 10 m droplets (as volume
is a factor of the droplet diameter to the power of 3). This scenario therefore gives
more importance to particle number as opposed to accurately re ecting where the
mass of the system of lies. Regardless, once a number based size distribution is
obtained, an arithmetic mean diameter (AMD) could be calculated to represent
the whole spray measured by summing the number of droplets in each diameter
class and dividing by the total number as shown in the equation 5.2 which uses
the expression form given in equation 5.1:

P N d 
i i
dab = P
N
i

(5.2)

Contrary to a microscope system, the Malvern particle sizing system used
for these experiments samples a very large number of droplets that fall within
a volume thus making an accurate number count dicult in practice. Speci cally, the Malvern system relies on an algorithm which analyses the di raction
pattern from the droplet eld and corrects for the multiple scattering produced
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by a large number of droplets which fall across a 10 mm diameter xed wavelength collimated laser beam. Older algorithms of the Malvern system relied on
Fraunhofer approximations which can only give a projected area prediction of
droplet diameter with an accuracy that varied with droplet size. However, the
latest algorithms incorporate the full Mie theory/solution that resolves the equations regarding the scattering of light by spherical particles to give the volume of
particles as opposed to a projected area diameter alongside many other advantages. Therefore the Malvern system used here, constructs the beginning result
as a volume distribution, so that sizes of droplets in the spray which contribute
to the majority of total spray volume are attributed a greater importance. From
a volume based size distribution a volume mean diameter can be obtained using
the following expression:

P 3  13
PVidi
dab =
Vi

(5.3)

A volume based size distribution can be transformed from a volume based
to a surface area based distribution with a smaller conversion derived error than
what would be obtained from a conversion from a number based measurement.
However, equations 5.2 and 5.3 still require a count of the droplet number which
is unfeasible for the Malvern system to directly measure. In order to produce
mean diameters that do not require a number count, 'moment means' are instead
often used to more accurately portray where the bulk of droplets in a spray
lies. Moment means are e ectively similar in concept to the second area moment
of inertia of bodies except applied to the size distribution. The second area
moment of inertia is a property of a bodies cross section, and can indicate around
which central point the bodies distributed mass would rotate. If applied to a
size histogram distribution, it e ectively gives the central point of the frequency
(number/surface area/volume or mass) the distribution would rotate. In the
Malvern system's case the numbers are not known/counted, therefore the volume
moment mean diameter can instead be determined from ratios, namely the D 4;3
ratio, which requires no number count:
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P 4 
Vi di
dab = P
3
Vi di

(5.4)

The principle aim of atomisation in diesel combustion is to increase the liquid
phase surface area distribution and minimise the droplet internal volume in a
gaseous phase to enhance the rate of vaporisation, therefore a surface moment
mean is the most useful to represent a diesel spray. This is usually given by the
Sauter mean diameter (SMD) with the notation D 3;2, calculated by the expression
below, which gives the diameter of droplets that have the same volume to surface
area ratio as the ensemble spray:
P 3 !
Vi di
d32 = PN
2
i=0 Vi di

(5.5)

A spray with a characteristically small SMD indicates a good overall level of
atomisation and therefore high vaporisation rate and as the SMD is the most
commonly used mean used in combustion research, it is used in the following sections to determine whether any overall changes on droplet sizes that can in uence
vaporisation occur due to additives in the diesel fuel.
5.2.6.2

Diesel spray droplet size measurement setup

Figure 5.37:

Schematic showing Malvern droplet sizing experimental setup.

Figure 5.37 shows the setup for the Malvern system. Prior to using the
Malvern system, the alignment needed to be checked by ensuring the full laser
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beam intensity was focused onto the central detector. By ensuring the alignment
was correct, the loss of laser beam intensity that occurs with age can also be
checked to ensure that the level was still within the requirements for appropriate
measurement resolution as set by Malvern. At the time of conducting experiments
the laser intensity value on the central ring of the aligned system was found to
be 1300, which is an acceptable but slight drop from the 1500 value achievable
when the system was new.
At any moment a number of non-diesel spray particles such as dust could fall
within the 10 mm diameter beam and the system would pick these up, therefore
a lter was applied within the software which ensured that the Malvern would
only measure particles should they cause the transmissivity of the laser beam to
fall below 95%. Alongside this, measurements which cause ring saturation were
also excluded by the software.
The Malvern system was positioned to measure the diesel spray droplet size
distributions at 25 mm, 50 mm, and 75 mm away from the injector nozzle, along
the spray centreline. The minimum distance of 25 mm from the nozzle has been
selected principally as it was thought to be a sucient distance away from the
injector so as to avoid the highly dense portion of the spray which would cause
problems with the over saturation of the detector rings.
For the correct trigger timing of the Malvern system, the following needed to
be considered:
 From the imaging experiments the spray is known to be delayed in leaving

the injector nozzle.
 The duration of the spray is fairly short with the injector needle lifting and

falling within



1000 s.

The minimum acquisition period over which the Malvern can measure is
400 s with a sampling frequency of 2500 Hz.

With these considerations in mind, it can be predicted that should the trigger
be early, late or for an overly long acquisition period, then no size distributions
or a misinterpreted skewed distribution would be obtained as only droplets in the
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initial early edge or the trailing late rear of the spray would be measured rather
than the bulk spray.
To ensure this was not the case, an initial test was carried out to determine
the rough arrival time of the spray into the Malvern beam path at each of the
three locations. This test consisted of using a delay generator to measure droplet
size distributions at varying time intervals after the start of triggering of the injector.

Upon continually delaying the time delay it was found that the SMD's

and cumulative volume curves of the size distributions began to gradually converge, remain fairly steady and then diverge. The time used for the trigger was
thus the steady period in between the convergence and divergence periods. This
process was repeated to create a more accurate average time for which to use as
the trigger delay for each measurement distance location.

Finally, as the spray

command duration is of such short a time, thus making the spray highly transient, the smallest acquisition period (400

s) over which a size distribution could

be achieved was chosen to ensure data is only taken from the bulk spray arrival
into the measurement beam and is not skewed by data obtained as the injector
needle closed.

5.2.6.3

Additive droplet size distribution results and discussion

The test on the additives were carried out in the order shown in table 5.3. For each
additive, data of the droplet size distributions were collected for 20 consecutive
injections at a repetition frequency suciently spaced so that residual droplets
from the previous injection would not in

uence the next.

These repeats were

undertaken in order to obtain an average that accounts for variations within the
injector, injection system and Malvern system.

To aid removal of the residual

droplets an exhaust vent with low suction was opened between injection events.
These tests were then repeated the following day.

Plotted in

gure 5.38 is 20

consecutive injections of a base fuel injection into atmospheric conditions.

The

gure demonstrates visually the shot-to-shot variability in the obtained SMD,
and that no divergence or convergence in the measurement occurs as consecutive
injections occur.

247

5.2 Experimental results from high speed imaging

Order No. Fuel Label Additive Label
1

A

Detergent 1 50ppm Concentration

2

B

Detergent 1 100ppm Concentration

3

Base fuel

4

C

Detergent 2 50ppm Concentration

5

D

Detergent 2 100ppm Concentration

6

Base fuel

7

E

Combustion Improver 50ppm Concentration

8

F

Combustion Improver 100ppm Concentration

9

Base fuel

10

G

Detergent 4 50ppm Concentration

11

H

Detergent 4 100ppm Concentration

Table 5.3: Additive droplet size distribution test matrix.
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Figure 5.38:

Shot-to-shot SMD droplet sizes of 20 base diesel sprays injections measured
25mm, 50mm and 75mm from nozzle along the spray centreline; 400 bar injection pressure into
atmospheric conditions.
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Figure 5.39:

Sauter Mean Diameters of base diesel sprays measured 25mm, 50mm and 75mm
from nozzle along the spray centreline; 400 bar injection pressure into atmospheric conditions.
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Figure 5.40: Droplet SMD's measured 25mm axial distance for injector nozzle.
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Figure 5.41: % di erence in droplet SMD's of additised fuels from the base measured 25mm

axial distance for injector nozzle.
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Figure 5.42: Droplet SMD's measured 50mm axial distance for injector nozzle.
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Figure 5.43: % di erence in droplet SMD's of additised fuels from the base measured 50mm

axial distance for injector nozzle.
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Figure 5.44: Droplet SMD's measured 75mm axial distance for injector nozzle.
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Figure 5.45: % di erence in droplet SMD's of additised fuels from the base measured 75mm

axial distance for injector nozzle.
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Between each additive pair tested, the base fuel was repeated and the variation
between the tests can be seen in gure 5.39 which shows the average SMD for
each base fuel test. It is this variation in the base which is used to assess whether
changes in the SMD of the additised diesel sprays is due to additives. Figures
5.40, 5.42 and 5.44 show the SMD's for the additised fuel and an average SMD
value obtained from the base fuel repeats with the standard deviation of the base
fuel repeats used as the plotted error margins. Figures 5.41, 5.43 and 5.45 show
the deviation of the averaged SMD for the additised fuels from the base fuels
average SMD as a percentage of the average base SMD. Plotted alongside these
deviations for the additised fuels is a bar showing the standard deviation of the
base fuels. From these graphs it can be concluded that no e ect by the additives
is observed and any variation is simply a function of the experimental setup.
Comparision of SMD data with penetration length data
2
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Figure 5.46: Percentage deviation of the penetration length's and SMD's from the base fuel
for the additive pairs tested.

Figure 5.46 shows the percentage deviation from the base fuel of both the
sauter mean diameter of droplets and the spray penetration length into a 2 bar
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back pressure for each additive pair. The aim of the gure is to try and help
identify whether changes in the droplet diameter of the measured fuels, despite the
insigni cance, result in any similar changes for the spray penetration length. The
droplet sizes were measured at three separate locations along the sprays central
axial axis for a 400 s sampling period and therefore some care had to be taken in
choosing the correct penetration length value for comparison. As no penetration
length data was obtained at 75 mm from the injector, the droplet diameters
measured at this location have been ignored for this comparison. For the 25 and
50 mm axial distance from injector SMD measurements, the penetration length
data was scanned to nd at what time the spray reached a penetration length of
roughly 25 mm and 50 mm on average across the eight additised fuels. After the
initial arrival time of spray into the 25 and 50 mm Malvern measurement points
were found (285 and 571 s respectively), the spray penetration length after 400
s was also found (667 to 952 s respectively). This enabled a geometric mean
to be calculated for the penetration lengths across these times and the intervals
between to produce a representative penetration length for the same time period
that the droplet diameters were measured over. This mean is the value used as
the penetration length to calculate the percentage deviation from the base fuels
penetration length for each additive.
Figure 5.46 shows for additives A to B, the low concentration and high concentration mixtures of Detergent 1 respectively, that an decrease in the deviation
of droplet SMD from the base fuel causes an increase in deviation of penetration
length from the base fuel. The trend observed for additives A to B, at both 25
mm and 50 mm away from the injector, is also seen for additives E to F (low
concentration and high concentration of Detergent 3), but only for the 50 mm
case. Conversely, for additives C & D, the low concentration and high concentration mixtures of Detergent 2 respectively, an increase in the deviation of droplet
SMD from the base fuel causes a decrease in deviation of penetration length from
the base fuel. Finally, additives E to F for the 25 mm location and additives G
to H for both the 25 and 50 mm locations show a direct relationship where by
an increase in deviation of droplet size from the base causes and increase in the
deviation of spray penetration length and vice versa.
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5.3 Conclusion
The chapter presented an analysis and discussion of results obtained from an investigation searching for the e ects of combustion and detergent additives of two
di erent concentrations on the fundamental diesel spray formation characteristics. The investigation indicates that little or no quanti able additive e ect could
be determined on the diesel fuel spray into relatively low energised gas conditions.
The additives were added to a diesel base fuel in realistic commercial amounts
measuring in the 50 to 100 parts per million molecule range. It must be mentioned
that although using such small quantities made the investigation dicult, various
inherent bene ts arose from the investigation. The rst bene t is that looking
for minuscule changes in spray characteristics require the repeatability, and characterisation of the repeatability of the newly developed rig, fuel injection system
and other ancillary systems to be developed and pushed to its limit, whilst also
simultaneously giving insight to the rigs current strengths and aws. One such
strength is the air-driven hydraulic intensi er used to pressurise the diesel fuel
as it provides fairly steady pressure, and avoids common-rail and diesel engine
fuel pump cyclic uctuations due their dependence on pulse width modulated
(PWM) relief valves and variable engine/motor speeds. Another strength is the
maintainability of rig conditions to allow many rapid repeats so that many injections can be processed and analysed to nd data standard distributions, averages,
variability etc.
The characterisation of variability was vital for the nding of small additive
e ects as attempted in this chapter, and although early analysis of the variability
as seen in section 5.2.2 showed promise and that the results obtainable from the
rig were extremely repeatable, there was still insucient process repeatability to
strongly verify and quantify additive e ects outside experimental error. As mentioned previously however it is possible to now scrutinise sources of variability
that need addressing should a similar or further study be conducted. The most
prevalent source lies with the injector. The delay in the needle lift was characterised in section 5.2.2.1, however other data regarding the injector coil current
and voltage pro le characteristics, needle lift measurement, nozzle mass ow rate,
and the way in which the need falls non-concentrically over the nozzle would be
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of bene t to the analysis. The second source in need of mention is the imaging
technique. Backlight illumination is sensitive predominantly to the optical density of objects in the pathway of the light source and camera, as opposed to being
strictly sensitive to either the gas phase or liquid phase of the fuel. This can
mean, where the liquid or vapour phase of the spray exists and would contribute
to the spray penetration length, area or angle etc, does not get included in the
analysis due to the dynamic limit of the raw imaging.
Nevertheless, what remains without a doubt is that any additive e ect at
the commercially viable quantities tested is extremely small and despite the fact
e orts to re ne the experimental technique could be undertaken further, the
overall bene t of the ndings after further e ort in terms of value to automotive
or combustion engineers is limited.
In conclusion, there is still much value to be gained from the results of this
chapter showing a lack of e ect on additives on the diesel spray as it is demonstrated that no undesirable perturbation that could interfere with combustion
eciency is observed. Therefore the detergent and combustion additives, designed not directly to alter the spray but to take part in other processes (injector
cleaning/combustion enhancing) during the fuels life cycle in a diesel engine, do
only what they are designed to do without altering diesel internal combustion
engine spray characteristics.
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Chapter 6
Conclusions & proposed future
experiments
The work in the preceding chapters has covered a variety of areas in the engineering eld, including engineering design, design of experiments, circuitry design,
laser and imaging diagnostics, programming for data acquisition and control, programming for image processing, and statistical data analysis. The common thread
that connects all the chapters within this thesis has been the desire to assess the
e ect of additives on the diesel spray combustion process. This nal chapter seeks
to tie together the principle results and conclusions from each previous chapter
of the thesis main body.

6.1 Preliminary work
In order to establish a suitable programme of research, design and commission a
suitable test rig, and to enable con dent and reliable measurements of a range
of combustion parameters in which additive e ects may occur, some preliminary
work was carried out. The preliminary work is traditionally supposed to be a
minor part of the research, whereby gaps in the current research can be identi ed
and a direction of study selected. In the case of additives the initial direction of
study was obvious as there were very few publications on the fundamental e ect
of additives on the physical aspects of the diesel spray combustion process (from
injection to combustion), and where publications exist, the injection equipment
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used to obtain results are now signi cantly outdated and prone to signi cant
uncharacterisable variability. However, once this research direction was selected,
the e ort in preliminary work required to produce a rig able to cover all physical
aspects of the diesel spray combustion process and also to plan experiments to
study macro/microscopic additive e ects was considerable and took up a signi cant portion of the project.

6.1.1 The literature review
The literature review presented research that has contributed to the current understanding of the diesel combustion process. An early aim of the review was
to make clear which type of combustion phenomena is expected to be studied
within the proposed rig, thus an encompassing literature review on diesel spray
combustion was conducted. However, later conclusions were also derived as the
review was conducted, which helped focus the scope of the thesis.
From the start of the project it was apparent that there was a wide range
of additives, very few of which were actually designed to directly in uence the
combustion process. However, it was hypothesised that some additives such as
detergents, which have surface tension modifying properties may in uence the
combustion process unintentionally through perturbations in the spray formation.
The presented literature on spray formation seemed to reinforce this view and
therefore the project was taken down the route of investigating the e ect of
mainly detergent additives on spray formation. The parameters of the spray
which could be measured to identify additive e ects were identi ed as droplet
size, spray penetration length, cone angle, breakup length, and liquid length. All
these parameters have been identi ed as indicators of the fuel/air mixing quality.
A review of optical diagnostic techniques that have been used to measure
these parameters suggested that the break up length of diesel sprays is exceptionally dicult to study due to the density of liquid at the sprays core. PDPA
measurements for near core droplet measurements were rejected due the expense
of the optics required to study the smallest possible interrogation zone required
for dense diesel spray droplet sizing. Meanwhile the liquid length measurements
would require high ambient gas temperature conditions and the use of laser sheet
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diagnostics (Mie scattering), which although feasible, is not suitable or necessary
for early studies using the newly developed uncharacterised rig, where instead
much simpler techniques could be employed to prove the investigate the hypothesis. As a result the parameters to be studied were selected to be the spray
penetration length, droplet size, and as alternative parameters to the spray cone
angle, the spray area and spray mean width, which were investigated using the
most basic optical techniques; the Malvern particle sizing system for droplet sizing
and high speed back-light illuminated imaging for the other parameters.

6.1.2 Design of a high temperature, pressure chamber facility
This chapter presented the design of the nally produced rig. Alongside this,
most ancillary features such as pipeline instrumentation, safety devices, and operational systems are documented, although some features such as small pieces of
circuitry have not. In an attempt to capture the evolution behind speci c design
aspects of the rig and to put novel features of the rig into context a literature
review of the various types of optically accessible combustion rigs available in the
eld has been conducted.
The tests in this thesis have been purposely carried out into elevated pressures
and temperatures, which are considered quite low for diesel work, the reasons for
which are numerous. In terms of design based reasons, although the chamber
body has been designed itself and the majority of ancillary features except for
the heating system have been selected to be capable of holding highly energized
charge for long time periods, progress towards the chamber operating limits has
been decided to be approached with caution and is to take place in slower developmental stages at UCL. These development stages are of course also subject
to an internally developed set of safety requirements, and more importantly they
should be subject to an external certi cation body.
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6.1.3 Characterisation of the base diesel fuel injection in
the novel optical chamber

The purposes of this chapter were essentially to demonstrate or characterise the
operation of the the new rig for the conduction of spray experiments and also
to describe the subsequent image processing routine for the obtainment of spray
formation data. With regards to validating the unique design features of the rig,
the data obtained demonstrating the maintainability of rig conditions, and also
the limited amount of condensation on optical windows during spray experiments
was a promising proof of concept for the chamber within chamber design despite
the fact charge conditions were not that extreme. The reasons for using low back
pressure and temperature conditions for the experiments with small intervals
between conditions was partly down to safety restrictions as the rig is only recently
commissioned by the author but also as the small intervals will force a fairly
robust experimental setup and image processing procedure to be developed in
order to pick out spray formation di erences between conditions. Therefore the
narrow band of conditions aids characterisation of the limitations of the entire
data obtainment process.
A speci c limitation to mention that was discovered as a result of this chapter, and accounted for in the Chapter 5, in which a similar study was carried out
on additised fuels, was that shot-to-shot deviation of geometric parameters such
as penetration length between close conditions (e.g. the 8 bar and 10 bar back
pressure condition) placed the averages within each others error margins, thus
diminishing the reliability of observed trends. This would have an implications
if for example the additive e ects were to diminish non-linearly with increasing
pressure as any trends would be lost on account of the relative variability of consecutive sprays. As a result of this, the next chapter addresses the sources of
shot-to-shot variability and assesses if another route to determine the repeatability is possible.
To mention speci c trends found:


the penetration lengths showed trends in general agreement with published
literature, although direct comparison was not possible as the conditions
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used were too low. Instead comparison with an engineering correlation was
presented.
 Spray angles for injections into ambient temperature environments were ob-

served to be dicult to de ne as a sharp angular changes occur very shortly
after the spray leaves the injector. As a result the spray area and spray mean
width were two arguably simpler parameters o ering a description of the
sprays level of radial and axial spread.
 An indication of spray tip momentum changes over the transient injection

period is presented. The magnitudes of these momentum uxes appear to
be damped by increasing chamber gas density. Cavitation or needle bounce
e ects are a possible cause.
 The injector needle lift opening behaviour was seemingly randomly in u-

enced by the higher temperature conditions.

6.2 E ect of Fuel Additives on Diesel Sprays
The chapter presented a discussion & analysis of the results obtained from an
investigation searching for unestablished e ects of various additives on the fundamental diesel spray formation characteristics, nally concluding that little or
no quanti able additive e ect could be determined on the diesel fuel spray into
relatively low energised gas conditions.
The characterisation of variability was vital for the nding of small additive
e ects as attempted in this chapter, and although early analysis of the variability showed promise and that the results obtainable from the rig were extremely
repeatable, there was still insucient process repeatability to strongly verify and
quantify additive e ects outside experimental error. However, as mentioned previously, it is possible to now scrutinise sources of variability that need addressing
should a similar or further study be conducted. The most prevalent source lies
with the injector. The delay in the needle lift was characterised, however other
data regarding the injector coil current and voltage pro le characteristics, needle
lift measurement, nozzle mass ow rate, and the way in which the needle falls
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non-concentrically over the nozzle would be of bene t to the analysis. The second source in need of mention is the imaging technique. Backlight illumination
is sensitive predominantly to the optical density of objects in the pathway of the
light source and camera, as opposed to being strictly sensitive to either the gas
phase or liquid phase of the fuel. This can mean, where the liquid or vapour
phase of the spray exists and would contribute to the spray penetration length,
area or angle etc, does not get included in the analysis due to the dynamic limit
of the raw imaging.
Nevertheless, what remains without a doubt is that any additive e ect at
the commercially viable quantities tested is extremely small and despite the fact
e orts to re ne the experimental technique could be undertaken further, the
overall bene t of the ndings after further e ort in terms of value to automotive
or combustion engineers is limited.
In conclusion, there is still much value to be gained from the results of this
chapter showing a lack of e ect on additives on the diesel spray as it is demonstrated that no undesirable perturbation that could interfere with combustion
eciency is observed. Therefore the detergent and combustion additives, designed not directly to alter the spray but to take part in other processes (injector
cleaning/combustion enhancing) during the fuels life cycle in a diesel engine, do
only what they are designed to do without altering diesel internal combustion
engine spray characteristics.

6.3 Suggestions for future experiments
The following sections will outline some further suggested experiments that could
be carried out in the immediate future. The reader is also directed to the Appendix A where very fundamental work investigating whether there is any e ect
of additives on the droplet formation of a single droplet produced from a uniquely
designed single droplet generator. This droplet generator went through various
prototype stages throughout this project, but ultimately further work was needed
to be done to reduce variability in the device if it is to be used as tool for the
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study of additives e ects, however some promising early results were obtained
and presented in the Appendix.

6.3.1 Flow eld visualisation
Potentially, an experiment could be set up, in order to obtain PIV (Particle
Image Velocimetry) images of the air

ow in the rig under di ering operating

conditions so that an idea of any

eld impact on the injected spray can be

obtained. steady

ow

ows can be induced in the rig by allowing the rig to function

as a constant pressure
help characterize the

ow rig (CPFR) as described in chapter 2 and PIV would
ow. When operated as a constant pressure

ow rig the

turbulence level can be expected to go from low to medium depending on the
density and

ow rates of gas and the level of restriction given by the rigs exhaust

needle valve. Operating the rig as a constant pressure

ow rig would be desirable

in the study of additives as it would enable a reduction of the saturated vapour
content of an evaporating diesel fuel spray and thus additive e ects on droplet
vaporization rates could be better studied.
Alternatively, Phase Doppler Anemometry (PDA) could potentially be used
to a similar e ect as the PIV experiment. The main di erence being that PDA
is a line of sight based technique requiring greater experimental time.
Finally, schlieren imaging could be carried out to determine qualitatively any
density gradients within the rig. Density gradients may be set up due to temperature in-homogeneity, and it may be necessary to show there are no density
gradients a ecting the spray. The planar Rayleigh scattering technique could also
be used to obtain quantitative ambient gas temperature distributions. This would
allow the thorough characterisation of the whole environment into which injections are occurring and these results may aid interpretation of later experimental
data.

6.3.2 PDA droplet sizing & velocity measurements
In this thesis the Malvern particle sizing system was used to measure droplet
diameters, as the system is extremely easy to setup and obtain comparable results
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with. However, it is also possible to use a PDA system to obtain more information
about droplets and spray break up. This option was considered for this thesis but
it was eventually considered that the Malvern system would be a better starting
point to assess additive e ects on droplets and the more complicated PDA setup
would only be necessary if the Malvern tests showed cause for a deeper study,
which maybe the case. Therefore this section will outline the proposed PDA
experiment that was considered, as a potential for future work.
PDA systems can be used to measure diameters, velocity and penetration
rates of droplets passing through select measurement locations in the spray. For
diesel sprays there needs to be a minimal interrogation volume, therefore a costly
2x beam expander will be required and used so that measurements nearer the
denser regions of the spray can be obtained using the rig. Table 6.1 shows the
di erences in the interrogation volume (see Meas. Volume Diameter & Meas.
Volume Length in table 6.1). To further aid accurate analysis of diesel sprays
near their dense core, PDA software can be con gured to give size and axial
velocity ranges of 0 to 50 m and -34 to 119m/s respectively.
Probe Series

TMx50

TMx50 with
2x beam expander

Beam Spacing (mm)

20

40

Fringe Spacing (m)

12.9

6.4

Meas. Volume Diameter (m)

185

92

Meas. Volume Length (mm)

9.3

2.3

Table 6.1: PDPA transmitting optics characteristics.

6.3.2.1

Proposed experimental procedure

The transmitting and receiving optics should be mounted on an x-y-z traverse
system which is used to de ne the position in the spray. The inner quartz tube
of the rig would most likely have to be removed due to the e ect it would have
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on the beam paths of the PDA system. To prevent fouling of windows, frequent
evacuations and re lling procedures will be carried out. A quick check will have
to take place to ensure there is insigni cant cyclic variation in the time between
triggering the PDA data acquisition and injector needle lift.
The PDA measurements will be made at 3 axial locations along the centreline
of the spray, and a number of positions extending radially from the spray centreline. These positions will be determined after an initial shadowgraph image
is obtained at each test condition, and used to determine spray angle from the
injector, spray cone angle, and liquid length. A 100

m pinhole will be placed

along the axis of the injector mounting and will be used as a standard reference
point through which to pass the beams and de nes a set spatial position. The
transmitting and receiving optics will be regularly realigned on the reference position. Diesel sprays inherent high density requires phase averaging of many spray
pulses. Each data set will consist of a run of about 200 sequential injections,
with typically 200-250 droplets to be measured per injection during the rst 6ms
from the start of injection (includes main bulk of spray and its tail). Realignment
and optics cleaning procedures can introduce poor repeatability into the data set,
therefore for most positions up to 3 repeat data sets will be generated on di erent
days to obtain a measure of experimental repeatability.

6.3.2.2

Data Validation

Data generated by the PDA will subjected to a rigorous validation procedure to
ensure the test is repeatable and there is sucient con dence in the collected
data. It is unlikely that every droplet passing through the measurement volume
will produce valid data. Every signal detected is scrutinised and a measurement of
drop size and velocity will only be accepted by the PDA software if the following
criteria are met:
i The droplet must have a near spherical in morphology (typically +/-10%
variation in diameter for a single drop)
ii Only a single droplet can be in the measurement volume during the measurement time
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iii The droplet size and velocity must be within the ranges of the instrument,
at the

lter and optical settings used to obtain the measurement

iv Signal visibility at the photomultipliers must be intense enough to obtain
the required frequency and phase shift measurements, thus results cannot
be obtained from the excessively dense regions of the spray. Dense sprays
often reduce the intensity due to the multiple scattering that occurs.

It can be foreseen that the denser the fuel spray, the more inevitable there
are regions in the spray where these criteria are frequently not met. A validation
rate for the PDA is de

ned as the ratio of the number of valid measurements to

the total number of measurement attempts, and is generally higher at the outer
sparser regions of the spray and lower in the central denser spray regions.

If

a low validation rate is seen then droplets in a data set that are validated and
measured may misrepresent actual spray behaviour as the validated droplets are
just a subset of the data attempts. For example, the measured droplet size in low
validation cases is generally biased toward larger drop sizes as they are easier to
measure, although the large droplets still have to pass the criteria that they are
spherical and smaller than the measurement volume diameter. Yule et al (1998)
report validation rates to be achieved for a 7ms time history of between 50% at
spray core to 80% at spray edge. They state that droplet samples in the order of
50,000 need to be measured at each data set at each position in order to achieve
high these validation rates and this is hoped to be matched in this investigation.

6.3.2.3

Scrutiny of test variability

An Initial study will be carried out to identify droplet distribution variations in
repeat experiments.
be identi

Reasons for variations, such as window fouling could then

ed and these causes of variation can be systematically "ironed out"

until tests are repeatable.

Once the main causes are identi

ed, maintenance

procedures such as how often windows need to be cleaned or optics realigned
can be determined. This data validation process will be carried out by checking
time-dependent plots of all data generated in order to identify data sets which
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lacked data points and produced lower validation rates.
will only analyse results on data

The

nal investigation

les which meet this validation process.
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Appendix A
Appendix: Development and
testing of droplet generator for
fuel additive studies
A.1 Introduction
As mentioned in the main body of the thesis, fuel additives can alter fuel properties such as surface tensions and viscosity, which in uence droplet formation
in sprays. Therefore, it is of interest at a fundamental level, to reduce complexity droplet formation from diesel sprays and visually observe if additives can
in uence the formation of a single droplet. To achieve such a study, a novel
droplet-on-demand generator has been in development throughout this project.
This development has seen the construction of an early prototype working as an
initial proof of concept device, which was then recon gured to produce a second
stage prototype which was used in early tests to show that the devices could be
useful for the study of detergent additive e ects on the formation of droplets.
The basic workings of these developed devices is presented here and the initial
data from using the devices to study additives is also discussed.
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A.2 Background information of droplet-on-demand
generators
Commonly, droplet generators rely upon the disruption of a moving liquid jet of
a forced length and diameter. Popular methods of breaking such a jet involve
acoustic or physical vibration along or perpendicular to the jet axis. Alternative
methods rely upon aerodynamically forming a barrier to reduce a liquid jet to a
length smaller than any aperture and encouraging droplet break-o . The jetting
methods can be described as being of a continuous nature as a steady stream of
droplets is generated within a small time period, and signi cant system control
is required to produce a single droplet-on-demand.
For the purposes of optical investigations on the in uence of liquid properties
on droplet formation, a more controllable single droplet-on-demand generator is
required which can minimise the external forces and variables involved in droplet
formation. The generator also needs to produce a single droplet formation event
that can be studied without the in uence of the previous event or following event
a ecting the current one. As a result, conventional jet based techniques can be
ruled out for such a study as such control can not be achieved. Furthermore, recent controllable techniques similar to those used in ink-jet printing, often rely on
technologies involving the micro-heating of the liquid which alters fuel properties
and therefore can not be used in temperature sensitive fuel applications.
Therefore, a new droplet-on-demand generator was required for fuel droplet
studies, which featured very small drop-to-drop variations, thereby enabling e ective visual analysis. In developing such a generator, basic knowledge of the factors
governing these droplet-on-demand processes is vital in order to control droplet
properties and generation eciency and therefore this knowledge is summarised
in the next section.
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A.3 Droplet formation fundamentals
The disintegration of a liquid in a gaseous environment due to disruptive forces
exceeding the liquid surface tension force, describes the initial stages of droplet
formation. Post disintegration, surface tension forces of the liquid pull together to
form a spherical geometry where the minimal surface energy is exhibited, whilst
the liquid viscosity opposes any further geometry change. The disruption force
mentioned can come from a variety of external sources and can be applied to bulk
liquids in a variety of forms from liquid columns to jets emerging from nozzles
and droplet sizes are dependent upon liquid properties. Depending on the initial
bulk liquid geometry, various forms of droplet formation have been categorised
as:
i dripping
ii column/jet break up
iii ligament breakup
iv sheet/ lm breakup
v free-surface breakup
Of these modes dripping is the most elementary. Here, at the end of a narrow
tube, a hanging or pendant shaped drop forms quasi-statically due to the gravitational e ect exceeding the surface tension, and thus droplet size is determined
by these factors as shown in the equation below:



D = 6d0g
L

 13

(A.1)

where  is the liquid surface tension, L the liquid density, d0 the cylindrical
column diameter, and D the droplet diameter. It should be noted that small
satellite droplets have been reported to follow large droplets, whilst highly viscous
liquid phenomena include the tailing of liquid following a primary drop, which
forms a ne ligament which subsequently breaks into a number of smaller drops.
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Figure A.1: Dripping mode.

Where ne droplet sizes (<300m) are required, generally higher ow rates of
liquid are needed, as the gravitational forces are no longer able to govern droplet
formation. Liquids forced through narrow nozzles at high ow rates tend to result
in a jet, and as the gravitational and surface tension forces fall out of equilibrium,
oscillations occur which can arise to a magnitude sucient to cause jet break up
into droplets. The continuous nature of the jet means single small droplet sizes on
demand are dicult to produce at very low rates whilst also there is a possibility
of the droplets coalescing.

Figure A.2: Jet break up.

Therefore with gravity being negligible and the undesirability of using ow
rates of liquid another method is required to increase the inertia of a liquid in a
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narrow nozzle (<300m), or reduce the surface tension enough so that a droplet
is released. The propensity for such a scenario is characterized by the Weber
number:

We =

U 2 R


(A.2)

where:  is the density, U is the characteristic velocity; R is the characteristic
length or more speci cally de ned as the meniscus radii of curvature (see below);
 is the surface tension.
A liquid is pulled into a capillary/nozzle due to surface tension, thus a droplet
on demand device essentially relies on capillary e ects and subsequent meniscus
formation. The height of liquid column drawn into a nozzle is given by the
equation:

h=

2 cos 

gr

(A.3)

where:  is the contact angle;  is the density of liquid; r is radius of tube.
The contact angle is speci c to any liquid-gas-solid interface and is a important
parameter in determining the shape of a liquid meniscus. Overall the shape of
a droplet is determined by the Young-Laplace equation, which further relates
pressure di erence across the liquid-gas interface to droplet shape. Thus for a
cylindrical capillary the Young-Laplace equation can be written as:
=

2

R

(A.4)

where R can be given as a function of the measurable contact angle as:

a

R=

(A.5)
cos 
Finally where liquids of varying viscosity become a factor the Ohnesorge number allows for a relation to the surface tension:

Oh =

p

273

(A.6)

A.4 Novel percussion type droplet generator

Figure A.3: Contact angle of liquid meniscus in a capillary.

A.4 Novel percussion type droplet generator
A novel droplet generator has been developed which is capable of producing
single uniform micro-droplets, repeatedly at controlled frequencies. The next
section describes the workings of the percussion type droplet generator that has
drawn on the basic droplet formation theory presented above and that has been
developed throughout this thesis.

A.4.1 Summary of workings
A schematic of the percussion droplet generator can be seen in gure A.4. The
production of a droplet from the current device relies on the following ordered
process:
i Hammer/armature of the solenoid, as seen in gure A.4, hits the steel plate
ii Impact produces a pressure pulse that is transmitted through the reservoir
and encourages the disruption of the uid meniscus at the uid-air interface
within the nozzle capillary
iii Liquid ligament is pushed out the nozzle, necks and a droplet is released
Initially it is thought that the Reynolds number value of the liquid in the
reservoir and nozzle is insigni cant in comparison to the Weber and Capillary
numbers, which would therefore hold greater control over the droplet formation
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as a result of the impaction event. As the droplet is dependent on the meniscus
the diameter of the droplet is potentially that of the nozzle.

Figure A.4:

Schematic of droplet generator setup.

The force imparted by the armature is determined by the voltage and armature
impaction duration (solenoid duty cycle) applied to the solenoid. As a result,
there is a voltage and duty cycle range that produces a pulse through the liquid
adequate enough to disrupt the forces maintaining the meniscus within the nozzle
and release a droplet. If the pulse is too large, and results in the liquid to
develop Reynolds number above a certain threshold, then a larger primary droplet
followed by one or two smaller droplets (termed satellite droplets) is seen. This
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is due to the high impact force transmitting a pressure pulse large enough to
produce a signi

cant

ow of liquid through the nozzle, thereby forming a jet that

necks in one or more locations.
process can be seen in

An example of jet formation and the necking

gure A.5.

Meniscus in capillary acoustically excited to form a ligament length and then
single droplet (Chen et al. 2003).
Figure A.5:

A.4.2 Droplet generator characterization
Experiments were undertaken in order to assess all the parameters a

ecting

droplet production and map out a range of operating conditions for the production of single reproducible droplets per impact event.
on calibration of the device and the removal and re

Initial work focussed

nement of sources of inac-

curacies, which included unwanted lateral and vertical vibrations in the device
and its mounts which caused variability in the number of droplets formed and
droplet formation times.
rattling

Principles sources of variability were identi

ed as the

t which the solenoid armature was manufactured with, and also the

resonance in the loose spring used to return the armature it to its starting stroke
position.

To minimise the lateral movement of the armature a thin paper shim
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was placed around it, whilst the loose spring used to return the armature to its
starting stroke position was replaced with one of a higher sti ness and xed rmly
to the solenoid base. The entire device itself has been clamped to a heavy base
to minimise large amplitude system vibrations which could produce resonance in
the meniscus. To determine when vibrations were reduced to satisfactory levels,
backlight illumination imaging of the droplets formed, with a single shot CCD
camera (FlashCamPco) at a xed time after formation, for a given duty cycle of
solenoid operation, was undertaken. These images were then used to determine
whether the droplet release timing and droplet size was identical to the previously
released droplet, and to also con rm that the droplets were forming and falling
at the same rate and velocity.
Single droplets were found to be reproducible over very small bands of voltages
for a given duty cycle, which varied very slightly over long periods of solenoid
use, possibly due to the solenoid impaction characteristics changing as a result of
the solenoid coil temperature increasing. Outside of these bands the liquid from
the nozzle was found to either not disintegrate at all or to breakup into multiple
droplets resulting in a spray. A full report on the characterisation of the droplet
generator was carried out by Wong (2008) and it is observed that the standard
deviation of droplet sizes produced from the generator is 6.93%. It is important to
note that this standard deviation was calculated from data obtained prior to the
device calibration, and removal of sources of inaccuracies process, and therefore
it can be assumed that an even lower standard deviation can be achieved. Figure
A.6, shows three images of consecutive droplets produced by the generator, with
the camera triggered after the same delay period after the TTL is sent to activate
the solenoid and the images demonstrates the repeatability of the device in terms
of droplet falling velocity.
To further improvise the generator so that it could be used in tests on additives, a second droplet generator was produced, which resolved many of the manufacturing and control issues of the previous droplet generator. An initial study
was carried out using the new droplet generator to observe how the droplets are
formed at the nozzle. The Photron APX-RS high speed camera was used at 9000
fps (frames per second) to image the droplet as it formed, and gure A.7 shows
selected sequential images showing the formation process. From the gure, it can
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Figure A.6:

Images demonstrating droplet repeatability.

be identi ed that an initial ligament length extends and stretches out the nozzle
when enough force is applied by the solenoid to the steel plate, and this liquid
ligament length then pinches o to form a single droplet. Testing of the generator showed that single droplets from this generator are only producible using one
speci c voltage for a given liquid, which causes the solenoid to hit the plate with
a speci c force. If the voltage is set any lower, a ligament forms but no droplet is
produced. If the voltage is too high then a long ne ligament length is produced
and more than one droplet is formed. From these observations of the voltages
required for single droplet generation and also from the images, an explanation
of the physics governing the droplet generation process from this novel droplet
generator can be described as follows:
i Using an excessively high voltage/force, liquid is forced through the nozzles
at a high ow rates, resulting in a jet/long ligament extending from the
nozzle. As the gravitational and surface tension forces fall out of equilibrium, oscillations occur which can develop to a magnitude which causes the
jet break up into multiple droplets.
ii Using an insuciently high voltage/force, liquid is forced through the nozzles at a low ow rates, resulting in a shorter than necessary ligament extending from the nozzle. As the gravitational and surface tension forces do
not fall out of equilibrium, oscillations are unable to develop to a magnitude
which causes the jet break up into multiple droplets.
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Figure A.7:

Sequential images showing droplet formation at the nozzle of the percussion

droplet generator.
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formation
iii Using the only voltage/force capable of single droplet production from the
device, the solenoid force is only just sucient enough to produce a ligament
length where the gravitational forces slightly overcome the surface tension
forces of the ligament just enough to form the single droplet as can be seen
in

gure A.7.

Assuming these assumptions on the underlying physics governing the generation of a droplet from this device, it can hypothesized that any modi
the liquids surface tension would then have some e
extended in the production a single droplet, i.e.

cation to

ect on the ligament length

the ligament length produced

when a single droplet forms. Therefore, a series of tests have been carried out using a detergent additive which consists of surfactants (surface tension modifying
molecules), to investigate the e

ect of additives on the measured ligament length

obtained from high speed images.

A.5 Using the droplet generator to study additive e ects on droplet formation
In order to assess if the generator could be used to observe additive a

ects on the

formation of a single droplet, the single component fuel, heptane, was selected to
be used as the test base fuel.

Use of the single component fuel was important

for the reduction of variability in how the additive interacts with the variety of
other fuel molecules normally found in multi-component diesel fuels.

The ad-

ditives were added to the fuel at treat rates of 200 ppm, 500 ppm, 1000 ppm,
1500 ppm and 2000 ppm.

Pure heptane was also tested as the base reference

fuel, with initial tests showing that the droplet generator was able to produce
30 sequential single droplets with no obvious trend of an increasing or decreasing ligament length to a steady state value over time.

Therefore, each droplet

generation event was assumed to be an independent variable with no time varying relationship with regards to the time over which experiments were conducted
using the droplet generator with pure heptane.
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However, as will be explained

A.5 Using the droplet generator to study additive e ects on droplet
formation
below, this experimental time independence, was not shown to the case for some
of the heptane plus additive results.
Figure A.8(a) shows a comparison of ligament lengths for every consecutive
droplet produced by the droplet generator for heptane and the the heptane plus
additive in treat rates 200 - 1500 ppm. No data for the 2000 ppm treat rate was
obtained as the droplet generator was incapable of producing single droplets for
30 consecutive droplets under the same applied voltage settings. Also plotted
on the gure, are the averages (dashed lines) for each treat rate. Figure A.8(b)
shows the same graph, however the standard deviation of each additive treat
rate data set is displayed with the colour coded bands. Looking at the raw data
and the data averages, the pure heptane, 200 and 500 ppm treat rates produced
ligament values close to each other, whilst the 1000 and 1500 ppm treat rates
display increasing ligament length and the treat rate increased. Considering the
bands showing the standard deviations of each treat rate, it maybe likely that
the 200 and 500 ppm treat rates reduced the ligament lengths by a very small
margin, although the overlap with the pure heptane's standard deviation remains
signi cant.
To help explain this trend, it is imperative to point out that the detergent
additives in their pure form were very viscous, almost "honey like". Therefore,
at lower treat rates such as 200 and 500 ppm it is likely the additive viscosity did
not raise the fuel viscosity to the extent which the 1000 to 1500 ppm treat rates
would, however the additive e ects on fuel surface tension may have been more
signi cant. At the higher 1000 and 1500 ppm treat rates the changes to the fuel
mixtures viscosity would be more pronounced, thus the ratio between viscosity to
surface tension e ects that control droplet formation favour the viscosity e ect
more, which leads to a longer ligament length.
Figure A.9 shows the density function curves for the ligament lengths about
each additive treat rate data sets average. The curves for each data set show
a high density function about the average ligament length, although the data
spread seems to widen for higher 1000 and 1500 ppm treat rates, which indicates
that an increase in additives is also a ecting the variability of measured ligament
lengths alongside the overal magnitude in ligament lengths.
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Figure A.9: Graph showing density function about the average ligament length for each

data-set (heptane and heptane plus each additive treat rate).

A.5.1 Conclusion and Future Work
These initial results portray the additives to have an e ect on the ligament length
produced in the formation of a single droplet from the droplet generator device
and therefore the generator maybe useful as a tool to investigate additive effects on droplet formation. However, for improved reliability in the data, the
generator may need greater characterisation and further reduction in sources of
variability, such as the time varying e ect that the high additive concentrations
have on the generator controllability. Further to this, measurements of the viscosity and surface tensions of the proprietary/commercial additives needs to be
known to con rm whether there is simply a surface tension e ect or combined
surface tension and viscosity e ect of the additives. One nal note to mention
with regards to improving variability seen in the tests; it is noted that surface
tension varies with temperature and this may play a role in explaining why there
is a steady decline in the ligament length of the 1500ppm treated fuel as the tests
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formation
progressed. Furthermore, the droplet generator itself can be sensitive to ambient
pressure di erences and as ambient lab conditions may be subject to fairly significant changes in both temperature and pressure, thus it would seem sensible to
monitor these variables in any following additive investigation using the droplet
generator. In the design of the high pressure, high temperature combustion rig
described within this thesis, an adaptor to implement these suggestions and carry
out further fundamental single droplet fuel studies has indeed been manufactured
to allow for further tests.
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Appendix B
Appendix B: Rig engineering
drawings

285

Figure B.1: Engineering drawing of gas injection boss.

286

Figure B.2: Engineering drawing of gas ejection boss.

287

Figure B.3: Assembly drawing of ejection boss and endplate assembly.
288

Figure B.4: Engineering drawing of gas ejection endplate.

289

Figure B.5: Engineering drawing of the quartz window boss.

290

Figure B.6: Assembly drawing of the quartz window boss and window retainer.
291

Figure B.7: Engineering drawing of the water cooled injector mount.

292

Figure B.8: Assembly drawing of the injector module.

293

Injector shoulder
sealing clamp
assembly

Soft metal washer

Injector body holder

Figure B.9: Engineering drawing of the injector module clamp.

294

Figure B.10: Engineering drawing of the quartz cylinder platform.

295

Figure B.11: Engineering drawing of the endplate.

296

Figure B.12: Engineering drawing of the stainless steel cylinder that comprises the main
body.
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