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Summary
Direct injection fuel spray combustion, studied by optical diagnostics: “A spray A”
Our worldwide dependency on combustion especially holds for the road, marine, and aviation transportation sectors. Predictions in short and long term global energy consumption,
all entail a significant increase. It is foreseen that the usage of liquid and gaseous fuels will
continue to play a key role in future transportation for the upcoming 20 to 40 years. An
increasing share of (liquefied) natural gas and renewable second-generation biofuels will
replace tradditional crude oil based fuels in order to reduce global CO2 emissions. The
major challenge society is facing today is mitigation of the impact the increase in energy
usage has on our local (air quality) and global (greenhouse effect) environment. Although
significant improvements in engine efficiency and emission reduction have been achieved
during the last two decades, there is still an urgent need for further optimization.
Engine research for the upcoming decades will mainly focus on the implementation of so
called low carbon footprint fuels based on a well-to-wheel analysis and internal combustion engine efficiency improvements, both aiming to reduce CO2 emissions. As a boundary
condition the currently low exhaust-pipe out NOx , CO, HC and soot emissions for newly
produced engines should be unaffected or even further improved. It is challenging to make
strategic engine and fuel design changes when the engine technology, fuel composition, and
combustion strategy are all simultaneously changing.
Diesel (surrogate) fuel spray experimentation at elevated temperature and pressure conditions executed in optically accesible setups is intended to provide a more fundamental
understanding of spray combustion than can be achieved in traditional engine experiments.
This level of understanding is needed to develop advanced multi-scale CFD models that
will be used to optimize future engine designs aiming for higher efficency and low engine
out emissions. Within this dissertation, a structured and step-wise approach is presented on
fundamental direct injection fuel spray research under engine-relevant ambient conditions.
Experiments are executed within an international collaboration of combustion institutes,
the Engine Combustion Network (ECN), under well defined conditions called “spray A”.
The work presented in this dissertation basically consits of three parts: preparation of the
experimental setup, measurement validation and the development and implementation of
advanced optical diagnostics.

The first part comprises operation and development of the constant volume preburn vessel
in the combustion lab at Eindhoven University of Technology. This vessel is one of several
spray chamber facilities around the world, suitable for experiments at high temperature and
pressure conditions, but because of the uniqueness of each facility there are uncertainties
about the differences in their operation. A large amount of hardware upgrades have been
implemented at TU/e to bring the setup in line with other facilities at different combustion
research institutes. Furthermore, the setup has been thoroughly analyzed, resulting in a detailed characterization of the boundary conditions that can be directly compared with other
setups, better measurement repeatability and the possibility to implement advanced optical
diagnostic techniques.
Well established optical diagnostic techniques such as: focussed shadowgraphy, light extinction and detection of radical molecular species were executed at various participating
institutes. All of the diagnostics have been implemented with identical lay-outs, similar
fuel injection equipment hardware, and control, providing a direct and unique comparison
among the different setups participating within the ECN.
The final step was to implement advanced optical diagnostics to improve scientific understanding of the driving processes behind fuel spray combustion. The aim is to rapidly
expand the “Spray A” database with the type of qualitative and quantitative data that is
currently missing in CFD model validation at engine conditions. Additionally, excursions
around the prescribed “Spray A” conditions are added to the test matrix to provide information regarding parameter sensitivity. A wide range of diagnostic techniques have been
developed within the framework of this thesis at different international combustion research
institutes: IFPEN (France), Sandia (USA) as well at TU/e, aiming for a direct comparison
with computational CFD output results.
Combining the experimental results obtained from this dissertation resulted in a detailed
time resolved characterization of liquid fuel evaporation, cool-flame kernel development,
hot flame ignition, flame front development and fuel stratification at “Spray A” conditions.
On top, new diagnostic techniques have been investigated which have shown their potential
for future implementation in the TU/e setup in order to expand fundamental knowledge of
direct injection fuel spray bahaviour at elevated pressure and temperature conditions.

Chapter

Introduction: future
internal combustion
engine research
The internal combustion engine is here to stay.

1

2

1.1

Combustion & future energy demand

Mankind’s modern life largely depends on the availability of energy. The major part of that
energy currently is released through the use of combustion. The worldwide dependency on
combustion especially holds for the transportation sector (road, marine, aviation), which is
responsible for a significant 27% of the current global energy demand [1], see Fig 1.1a. Despite other available/emerging energy sources and carriers such as solar, wind, hydrogen,
etc., it is foreseen in various future energy scenarios by reputable institutes that the usage
of liquid and gaseous fuels will continue to play a key role in future transportation under
the various viable future energy scenarios studied, for the upcoming 20 to 40 years [2–7].
The main source remains combustion with an increasing share of (liquefied) natural gas and
renewable second-generation biofuels in order to reduce global CO2 emissions. All institutions conclude that, at this moment, there is not a single perfect solution to the energy
problem. Therefore several pathways have to be explored to secure the supply of (clean)
energy.
Predictions of short and long term global energy consumption, all entail a significant increase as it is summarized in Figure 1.1. The first reason for this predicted increase is the
continuously growing global population, starting from 6.8 billion in 2014 to 8.6 billion in
2035 [7]. The second reason is that, the so called B.R.I.C. (Brazil, Russia, India, China)
countries, are all at a similar stage of newly advanced economic development. This development will directly lead to an increased local usage of transportation hence energy consumption [3]. The predicted reserves and the related time to depletion of natural gas, coal
and crude oil has been a long and ongoing discussion ever since it became a widespread
topic after the start of this discussion by the club of Rome in 1968 [8]. However, recent
developments in the discovery of new fields in combination with the development of new
techniques, significantly changed the predictions. For example, the production of natural
gas from fracking has significantly increased the (unconventional) reserves by more than 80
% over the last decade [9].

1.2

The dilemma: environmental impact

The major challenge society is facing today is mitigation of the impact the increase in energy
usage has on our local and global environment. Climate change such as global warming,
is caused mainly by emitting large amounts of greenhouse gases (GHG) such as CO2 , CH4
and N2 O into the atmosphere. Measured CO2 levels in the atmosphere recently reached
levels above 400 ppm in 2014 compared to a more or less steady 270 ppm over the last 20
centuries [11]. An overview of the increase of GHG emissions over the last 4 decades is
provided in Figure 1.2. Despite the strong debates that proceed, it can be concluded that climate change is taking place as predicted, resulting in a large consensus within the scientific
community involved in this particular field of research [11–13]. Although several indirect
remedies are suggested and possible to implement (e.g. protecting and expanding forests,
CO2 capturing, etc.), there is a clear need to tackle the problem at the source, which means
clean and efficient combustion in order to protect the local and global environment.
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Figure 1.1: Predicted future energy consumption by; sector (a), energy source (b), and the predicted
energy source diversification for the transportation sector (c). Data taken from from [7, 10]
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Figure 1.2: Total annual global GHG emissions by groups during the last 4 decades. Emissions are
converted into CO2 equivalents [2].

Local pollution is mainly caused by Particulate Matter (PM) , NOx , unburned hydrocarbons, and CO emissions. Stringent emission limits for internal combustion engines have
significantly reduced tail pipe out emissions, aiming to improve local air quality. Nevertheless, local emissions from combustion applications, both stationary and mobile, still form a
direct risk for the health and well-being of humans and animals. The World Health Organization (WHO) continuously studies the impact on human health caused by air pollution.
They recently concluded that the existing standards for air quality in Europe are insufficient
to properly protect its citizens. For instance, according to WHO, the PM concentrations
currently measured in the Netherlands are too high, which causes several (fatal) lung deceases. It is predicted that this will remain the case till 2030 if no additional measures are
taken [14].

1.3

Research strategy for the internal combustion engine

The Internal Combustion Engine (ICE), has been in mass production for more than a century. Its tremendous success in the road transportation sector lies in the high energy density
of liquid fuels (resulting in a large vehicle range), the ease of safely storing fuels compared
to other energy carriers and the low production costs of the fuels and engine itself. Significant improvements in efficiency and emission reduction have been achieved during the last
two decades. An example of the emission reductions for Heavy Duty (HD) compression
ignition engines is shown in Figure 1.3. Note the used semi-logarithmic scale. However,
as it was indicated in the previous section, there is still an urgent need for further optimization. ICE research for the upcoming decades will mainly focus on the implementation of

1 Introduction: future internal combustion engine research
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so called low carbon footprint fuels based on a well-to-wheel analysis and internal combustion engine efficiency improvements, both aiming to reduce CO2 emissions. As a boundary
condition the currently low exhaust-pipe out NOx , CO, HC and PM emissions for newly
produced engines should be unaffected or even further improved. These developments will
be largely driven by emission legislation’s, forcing the industry to invest in advanced measures for emission reduction.

Figure 1.3: European steady state (13 mode ESC) emission legislation standards for HD Diesel engines [15].

To meet future emission legislation targets in an economically viable way, a more fundamental understanding of the underlying physical and chemical processes that take place in
ICE’s is needed. It is challenging to make strategic engine and fuel design changes when
the engine technology, fuel composition, and combustion strategy are all simultaneously
changing. The parameter space has become too large to be optimized using traditional design rules. Conventional engine design approaches that rely on prototype development are
too time-consuming and expensive. The implementation of Design Of Experiment (DOE)
models into engine testbeds significantly optimizes engine calibrations and reduces the required test bed time but only within the design parameter window given upfront and without
providing further fundamental knowledge of the highly coupled processes involved. On the
other hand, the development of high-level Computational Fluid Dynamics (CFD) models
may provide helpful tools to take the next steps in future engine design, and they hold the
promise to also improve the level of understanding. The development of predictive and efficient computational tools that incorporate the relevant chemical kinetics, molecular transport, and turbulent flow would represent a significant step forward in the ability to rapidly
design highly efficient, low emission engines. However, significant gaps and uncertainties
exist in our knowledge of these fundamental processes and their coupling. Therefore, there
is a need for fundamental setups to provide input data at engine-relevant conditions to build
and validate CFD models. Additionally, dedicated experimental measurement techniques

6
are necessary to understand the processes that take place during a fuel injection, evaporation and combustion event. This is not a trivial task, since engine fuel spray combustion is
characterized by:
• Short time scales (O 10−4 s),
• Simultaneous processes: evaporation, mixing, combustion reactions and emission
formation,
• Turbulent flows, and
• Elevated ambient pressure and temperatures.
Because of the availability of modern lab equipment, such as high-power tunable lasers,
high-speed (intensified) cameras and data acquisition systems, it is now possible to implement more fundamental new experimental approaches in ICE research.
As stated in the previous section, fuel spray experimentation at controlled elevated temperature and pressure conditions will assist in providing a more fundamental understanding
of fuel spray combustion than can be achieved in traditional engine experiments. In an (optical) engine many different variables influence fuel spray development, such as temperature,
density, gas properties, bulk fluid motion, turbulence, location of moving parts, etc. All of
these variables have a certain effect on fuel spray behaviour, in terms of evaporation, ignition delay and the emission formation processes. Simulating a full combustion cycle in CFD
for an ICE is therefore quite a challenge. Moreover, experimental validation is extremely
difficult due the multi-scale and highly coupled phenomena. Therefore, it is proposed to
implement an intermediate step and to study fuel sprays in dedicated fundamental setups
where engine-like ambient conditions are created , but with less disturbances, and where
the boundary conditions are properly known and controlled.
Currently, several different types of experimental setups exist to perform this type of research. The test apparatus used in this dissertation is a so called Constant Volume Preburn
(CVP) vessel. The idea to use a pre-burn event in order to create elevated temperature
and pressure conditions inside a well controlled optically accessible constant volume was
first suggested and implemented by C.R. Ferguson in the early 80’s [16]. Sandia National
Laboratories continued to work on the design and started to use this type of facility in a
professional manner, resulting in a better understanding of direct injection fuel jets [17, 18].
The main idea behind the design of CVP setups is that they allow researcher to study free
fuel jets in a nearly quiescent environment. As indicated, the CVP facility is not the only
device in the pool of fundamental facilities to study fuel sprays. An overview of different
types of facilities, capable to reach elevated ambient conditions, such as constant pressure
flow (CPF) test rigs, optical test engines and rapid compression machines has been provided
by Baert et al. [19], including a discussion about the pros and cons of each type of facility.
Key assets of CVP setups, of which several exist around the world, are:

1 Introduction: future internal combustion engine research
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• Capability to reach full load (diesel) engine conditions in terms of pressure and temperature,
• Flexibility to modify ambient gas composition over a wide range,
• Superior optical accessibility (compared to other available facilities) from several
sides of the fuel spray,
• Well-known and controlled boundary conditions, and
• High measurement repeatability.
Fuel spray data needed for detailed model development and validation requires extensive
characterization of all boundary conditions used as model inputs. This dissertation describes the implementation of experimental research activities at Eindhoven University of
Technology (TU/e) with a focus on direct fuel injection, to support this new research approach.
It is important to state that CVP setups are not equal to (optically accessible) ICE’s and
measurements can therefore not always be directly translated to them. Several important
differences between CVP’s and engines can be observed, from which the main ones will
be addressed here. Since the ambient gases stay inside the volume and a moving piston
and valves are lacking, the ambient fluid motion inside the CVP is nearly quiescent (see
Section 2.5 for more details) [20, 21]. Therefore typical fluid motions which can be found
in ICE chambers such as tumble, swirl and squish are not present. It can be concluded that
many of the disturbances typically found in ICE’s are excluded from CVP experiments. Another difference compared to an engine is the relatively larger volume (see Section 2.1) at
the moment of fuel injection. This volume is approximately 10 times larger compared to a
modern Heavy Duty D.I. diesel engine with a start of injection close to top dead center. The
combination of the (in this dissertation) used single nozzle hole injector, compared to real
world multi-nozzle hole injectors, and the large inner volume in a CVP causes differences
in oxygen concentration, pressure and temperature during the spray combustion event. In
the case of a CVP these ambient variables remain nearly constant.

1.4

Surrogate fuels

As stated above, CFD simulations that include realistic combustion and emissions chemistry
hold the promise of significantly shortening the development time for advanced highly efficient, low emission engines. However, significant challenges must be overcome to realize
this potential. One of these challenges is how to deal with and implement realistic properties used in ICE’s. Because crude-oil-based diesel and gasoline fuels typically consist of
hundreds of compounds (see Figure 1.4), it is impossible to comprehensively determine the
effects of fuel composition on combustion properties. Reaction mechanisms, used in CFD
models, for real world blended fuels don’t exist. At this point of time, mechanisms are only
available for (a limited) amount of pure components. Surrogate fuels, are simpler representations of fully blended fuels which are composed of a small number of selected components
in known concentrations and exhibit combustion characteristics similar to those of the real
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fuel. Surrogate fuels are of interest because they can provide a detailed understanding of
fundamental fuel composition and fuel property effects on combustion and on emissions
formation processes in internal combustion engines.
In addition to being useful for computational studies, surrogate fuels are also important for
experimental work. Chemical reactions typically show a non-linear dependence on variables
like temperature, pressure and composition [22]. The simpler composition of surrogate fuels
can facilitate insights into fuel composition and property effects on the vaporization, mixing,
and combustion phasing under engine-relevant conditions that ultimately determine engine
efficiency, emissions, performance, and aftertreatment system requirements [23, 24].
Finally, surrogate fuels also have value as time-invariant reference fuels for experimental
studies. The compositions of real diesel fuels (even reference diesel fuels) vary over time,
because the compositions of the individual refinery streams that are blended to make finished fuels vary with the type of crude oil and/or other feedstocks being processed, refinery
processing strategies, regulations on fuel composition or other properties, and liquid-phase
reactions that occur during long-term storage. Hence, surrogate fuels have value as standards that can be used to evaluate different engine combustion strategies without the usual
confounding effects of fuel composition changes.
Many studies have been performed on characterizing diesel surrogate components and their
mixtures [23, 24]. Most of the previously studied surrogate mixtures contained a small
number of components (up to six) and aimed at matching the ignition, oxidation, flame extinction, and sooting levels of the target diesel fuel. In the experimental work presented
in this thesis a single-component surrogate fuel is characterized. The scope of the work is
more adopted to the development of accurate diagnostic tools and characterization of the
experimental setup. Having the tools and setup available, future work can benefit from that
and pursue comprehensive and more detailed work on surrogate fuels [25].

(a)

(b)

Figure 1.4: (a) Examples of different hydrocarbon molecule-structures found in crude-oil-based
diesel fuels. From top to bottom: alkanes (n-dodecane), olefins (1-Decene), cycloalkanes (Butylcyclohexane) and aromatic compounds (Benzene). (b) Typical carbon number distribution in crude
oil based diesel fuels [26].
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Optical diagnostic techniques

Applying diagnostic techniques to combustion applications in a meaningful way is not a
straightforward task. Different techniques, used in this dissertation, can be divided into two
main areas; probe and optical measurement techniques. The technique of the first class,
still the most commonly applied, are based on the use of a physical probe introduced into
the combustion region. The main advantages of probe techniques are that they are typically
rather simple and inexpensive. The obvious but large disadvantage is that they are inherently
intrusive and may cause severe problems by chemical, temperature and flow disturbances. It
may be very difficult to estimate the influence and effect of a probe in the flame and to what
degree the probe measurement actually gives a result that corresponds to the situation in the
undisturbed case. During the last three decades there has been a breakthrough in studying
combustion phenomena [27]. This breakthrough is enabled by the fact that faster computers, high-speed and/or intensified cameras and more advanced optical diagnostic techniques
have become available. Typically, laser diagnostic techniques have the following advantages over probe techniques:
• Non-intrusiveness; no physical probe has to be introduced into the combustion zone,
• High temporal resolution; The laser pulse duration (O ns) is shorter than the time
duration of the physical phenomena of interest,
• High spatial resolution; Laser beams can be focused to very small spots or formed
into thin sheets, and
• It is possible to measure several species at the same time and/or at different locations.
Unfortunately, applying laser diagnostics also comes with challenges and disadvantages.
Of course it requires optical access into the combustion device which is not trivial. Most of
the laser based diagnostic techniques are still rather complicated, both experimentally and
theoretically (analysis of the data). They require rather advanced and expensive equipment
which often turns out to be sensitive, too. Furthermore, even if laser diagnostic techniques
in a first approximation are nonintrusive, there is a limit in laser energy which can be used
before it influences or even damages the measurement environment.
Up to this point, optical diagnostic techniques were all assumed to be based on laser illumination. New developments in Light Emitting Diode (LED) technology, over the last five
years, hold the promise to overcome some of the above mentioned drawbacks encountered
in laser diagnostics, especially when light extinction techniques are of interest. Modern high
power LEDs can be pulsed within the same time range as pulsed lasers or at least shorter
than the physical phenomena of interest or the gating time of the cameras used. Another
useful characteristic of modern LEDs is the possibility to have a narrow wavelength bandwidth. Additionally, LEDs are, in contrast to lasers, cheap and robust. Special attention is
paid to this new generation of LED lighting developments, which will be further discussed
in detail in Chapters 3 and 4. In this dissertation, the following optical techniques, which
are used to measure the following time resolved physical parameters in fuel sprays, are presented:
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• Spatial distribution of selected chemical species,
• Local velocities,
• Liquid droplet break-up and evaporation, and
• Gas phase penetration.

1.6

Engine Combustion Network

The motivation to use dedicate fuel spray test rigs has been addressed in Section 1.3. There
are different types of spray chamber facilities around the world suitable for experiments at
high-temperature and high-pressure conditions. However, due to the uniqueness of each
facility there are uncertainties about the differences in their operation. These facilities truly
are unique and the community has not reached a full consensus on how to use or understand their results. If these uncertainties persist, understanding of engine spray combustion
remains limited, and high-level, validated data sets are not available for CFD improvement.
In other words: these uncertainties need to be clarified because modelers cannot compare
and match experimental data as long as differences between facilities are not well investigated and understood. This observation of scientific shortcomings and the possibility to
solve this when different institutes cooperate, initiated the start of the Engine Combustion
Network (ECN).
The ECN started in 2010 and performs experiments with nominally identical injectors and
identical ambient conditions [21], leveraging the expertise and diagnostics of each participant while enabling a direct comparison between the different facilities. The aim of the
ECN is to generate a high-level, combined database at conditions relevant for engine operation, as a pathway towards predictive spray CFD. Moving toward predictive spray CFD
under engine-like conditions requires experimental efforts to shift from qualitative to (more)
quantitative experimental results. Cooperation between the different institutes leverages the
development of quantitative, complete datasets. Moreover, close cooperation, working on
the same conditions, enhances sharing results, CFD-meshes, code and methods. In Chapter
4, it will be shown that the combined experimental efforts provide new (unique) diagnostics
build upon past understanding, rather than starting over. The developed data set, presented
at three different workshops, recently became a focal point for model validation and further
advanced diagnostics [28]. Maintained by the Engine Combustion Department of Sandia
National Laboratories, data currently available on the website includes reacting and nonreacting sprays at conditions typical for diesel combustion. The website will be expanded
in the future to include data sets and modeling results of scientific interest to participants in
the ECN. Moreover, ECN participants meet every 1.5 year during workshops (from which
the 3rd was held in 2014), to present and discuss obtained results and to define specific
future research goals. In 2011, the CVP from TU/e joined the ECN. This provided the
opportunity to validate results from the relatively new CVP setup with reputable combustion research institutes. Moreover, it is the ambition of TU/e to contribute within ECN, to
improve our current understanding of diesel fuel spray combustion, by implementing new
advanced (optical) diagnostic techniques, from which several examples will be presented

1 Introduction: future internal combustion engine research
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in this dissertation. Finally, during this doctoral work from the author, the combustion research labs from IFPEN and Sandia National Laboratories were visited to assist in ongoing
measurement campaigns and to obtain the knowledge needed to achieve to goals described.
One of the ambient conditions selected within ECN is called “Spray A”. “Spray A” represents a relatively low-temperature combustion condition relevant to HD Diesel engines that
use a moderate rate of exhaust-gas recirculation (EGR). An overview of the specifications
for the injector and ambient operating conditions of “Spray A” is given in Table 2.1. The
selected injector layout and injection pressure are based on modern advanced common-rail
injection systems. In addition to the prescribed injector, common rail, and fuel line dimensions, specific details such as the location of the fuel line pressure sensor are also specified
to ensure consistent hydraulic effects during injection. A single-component diesel surrogate
fuel, n-dodecane, is selected to enable a complete specification of the chemical and physical properties of the fuel. Several institutes have experimentally characterized “Spray A”
boundary conditions inside their combustion vessels: Sandia, IFPEN, CMT-Motores Termicos, Caterpillar, and TU/e. While the importance of accurate characterization and control
of boundary conditions is widely recognized for model improvement, a concerted effort undertaken by ECN members to understand, control, and implement engine-like conditions
and to investigate the differences in measurement results between experimental setups has
not been performed before.
The process of (conventional) diesel fuel injection can be divided into 3 parts: the fuel flow
in the injector, atomization and evaporation of the liquid fuel, and ignition and combustion.
All processes are of interest within the ECN because of their strong coupling, and each will
therefore be addressed throughout this dissertation. A highly simplified overview of the
processes involved in conventional diesel spray combustion is presented in Figure 1.5. The
different phenomena studied are indicated, including typical definitions traditionally used
within this particular field of combustion research. The terminology and exact definitions
of the different spray variables will be discussed in more detail throughout this thesis.

Figure 1.5: Simplified representation of DI fuel spray combustion for a single nozzle “Spray A”
injector. Indicating the different spray variables of interest. Image adopted from [29].
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1.7

Outline of the thesis

Within this dissertation, a structured and step-wise approach is presented on fundamental
DI fuel spray research performed under engine-relevant ambient conditions. Experiments
are executed within the presented international collaboration of combustion institutes, the
ECN, with a focus on “Spray A” conditions. The work presented basically consist of three
parts: (1) preparation and evaluation of the experimental setup, (2) experimental measurement validation and (3) the development and implementation of advanced optical diagnostic
techniques.
Chapter 2 comprises operation and development of the CVP vessel in the combustion lab
at TU/e. A large amount of hardware upgrades have been implemented to bring the setup
in line with other facilities at different combustion research institutes aiming to improve
measurement accuracy and repeatability. Furthermore, the setup has been thoroughly analyzed, resulting in a detailed characterization of the boundary conditions that will be compared directly with other setups. In Chapter 3, implementation of experimental diagnostic
techniques for fuel spray penetration, liquid length, and ignition delay times are discussed.
All experiments are executed at identical “Spray A” operating conditions, with standardized
measurement techniques and post-processing methodologies, resulting in a one-to-one comparison among the participating combustion research institutes. The last part of the work
presented is related to the implementation of advanced optical diagnostics in order to improve scientific understanding of the driving processes behind fuel spray combustion. These
diagnostic techniques are discussed in Chapter 4 with the aim to rapidly expand the “Spray
A” database with the type of qualitative and quantitative data that is currently missing in
CFD model validation at engine conditions. Additionally, excursions around the prescribed
“Spray A” conditions are added to the test matrix as well in order to provide information
regarding parameter sensitivities. This thesis concludes with an overall summary of the presented work and a future outlook on research activities within the ECN in general and more
specific on research goals for the CVP at TU/e.

Chapter

Experimental set-up for
optical fuel spray
diagnostics

2

To build a sky-scraper, you need to start with a solid foundation.

This Chapter is based on the following publications:
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Engine Combustion Network : implementation and analysis of combustion vessel Spray
A conditions. ILASS-Americas 23rd Annual Conference on Liquid Atomization and Spray
Systems. Volume 151
Meijer M, Malbec L-M, Bruneaux G., Somers L.M.T. (2012). Engine Combustion Network: ”Spray A” basic measurements and advanced diagnostics. Proceedings of the 12th
International Conference on Liquid Atomization and Spray Systems, ICLASS 2012, Heidelberg, Germany. Pages 2-6.
Meijer M., Somers, L.M.T., Johnson J., Naber J., Lee S.Y., Malbec L.M., Bruneaux G.,
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2.1

Introduction

The need for fundamental experimental setups, capable to perform DI fuel spray research
under engine-relevant ambient conditions, has been addressed in the first chapter. Most
of the experimental results that will be presented in this dissertation are derived from the
CVP setup, located at TU/e. However, other facilities located at ECN partner institutes that
have been visited, are included as well. In this chapter the operation and characterization
of the CVP setup at TU/e, a facility which has recently been built [19, 30], is discussed.
The methodology and operation of the CVP will be presented first. Furthermore, significant
upgrades in hardware and control have been implemented to bring the setup in-line with
other combustion research institutes participating within the ECN. This provided the need
but also the opportunity to characterize the boundary conditions of this particular setup
in more detail, with the focus on the Spray A conditions [21, 28]. Boundary condition
characterization has been performed extensively, since they are of upmost importance for;
direct ECN Spray A measurement comparisons, and CFD model input.

(a)

(b)

Figure 2.1: The Constant Volume Pre-burn vessel at TU/e. (a) Picture of the vessel including auxiliary units. (b) Cut-through indicating the different components: 1 injector, 2 window, 3 injector
cooling channel, 4 vessel diagonal port, 5 inlet valve, 6 outlet valve.

2.2

Description of the constant volume preburn vessel

A picture and a schematic drawing of the Eindhoven CVP test facility are shown in Figures
2.1a and 2.1b. As it can be seen from the cut-trough schematic, the CVP is a cube-shaped
vessel which has a large optically accessible combustion chamber from different sides, allowing extensive visualization of the fuel spray prior to wall impingement. Because different side ports of the setup are available, the setup has full optical access for line-of-sight
and/or orthogonal optical diagnostics, and has therefore superior accessibility compared to
other types of facilities. Main vessel dimensions and other important characteristics are collected in Table 2.1. Furthermore, a detailed schematic overview of all the different auxiliary
hardware components is provided in Appendix A.1.
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Basic parameters
Shape of the internal chamber
Window aperture
Injector mounting
Number of spark plugs
Spark plug position
Combustible gas fill
Mixing fan location

Ambient pressure
Ambient temperature
Oxygen concentration
Wall temperature
Fuel temperature
Common rail pressure
Injection duration

108 × 108 × 108
100
Horizontal in side port
2
Diagonal corners top and bottom
Sequential
Upper corner opposite to injector
Measurement Conditions
ECN Spray A Minimum
59
0.02
900
293
0.15
0.00
453
293
363
313
150
30
1.5
0.5

Maximum
300
2000
0.21
473
423
250
10

Injection hardware
Dist. fuel pres. sensor from inj. inlet
7
Injector tip wall protrusion
3
Injector type
Bosch CR2.3 single nozzle proto
Injector serial num. used
(Spray A) 211679 & 201001
Injector nozzle
90 µm / k-factor 1.5
Common rail
GM Part-number 97303659
Fuel line length
20
Fuel line diameters
Inside: 2.4 Outside: 6.4

Mass Flow Controllers
Fuel temperature control
Injector Driver
Vacuum pump
Ignition Coils
Spark plugs
Fuel Pump

DAQ & Control
Control software
Static gas pressure sensor
Dynamic gas pressure sensor
Fuel pressure sensor
Vessel temperature sensor

mm
mm

Bar
K
vol. frac.
K
K
MPa
ms

cm
mm

cm
mm

Auxiliary Systems
Bronckhorst analog Hi-Tec
Thermostatic Bath Julabo6
EFS IPOD coil 8532
L-H Trivac 1-2 kPa
Delphi 19005218
Bosch dual platinum FR5K
Resato type P160-400-2
Sensors and Acquisition
NI-DAQ 6281: 18 bit A/D 500 kHz
National Instruments Lab Windows
Piëzo resistive Druck PMP 4070
L.C. Piëzo−electric Kistler 7061
Piëzo−resistive Kistler 4070
Thermocouple K-type 2mm

Table 2.1: Overview of the main CVP parameters at Eindhoven University of Technology
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Inside the CVP, ambient pressure, temperature, and species concentrations at the time of
fuel injection are varied by igniting a combustible gas mixture that burns to completion.
Multiple spark plugs are utilized in combination with high-capacity coils to enable ignition
of fuel-lean mixtures. An internal mixing fan stirs the gases during the filling process and
throughout the complete experiment to minimize non-uniformities in mixture density and
temperature. During and after the spark-ignited combustion, the combustion products cool
over a relatively long time (O s) due to heat transfer to the vessel walls, and the pressure
therefore slowly decreases, see Figure 2.2. When the desired pressure and temperature are
reached, the fuel injector is triggered and fuel injection occurs. Since a preburn method is
used to generate high-temperature, high-pressure conditions, the composition of the initial
mixture determines the composition of the combustion products that exists at the time of
fuel injection. Depending on the settings, product mixtures may be made inert (0% O2 ),
to simulate air (21% O2 ), or anything in-between to simulate Exhaust Gas Recirculation
conditions. Experiments, using end-gas oxygen concentrations above 21% are theoretically
possible but never tested in practice. The possibility to inject into 0% Oxygen is often of interest because by doing so, oxidation chemistry (ignition and combustion) can be “switched
off” completely, and other engine relevant processes such as droplet break-up, evaporation
and fuel spray gas phase penetration, can be studied separately.

Figure 2.2: Bulk temperature trace of a complete experiment, indicating the different events. Left:
pre-combustion (O 100ms), cooling period (O 1000ms) and fuel injection and combustion (O 1ms).
Right: zoomed view on the fuel injection and combustion event only.
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As stated in Section 1.3, a large advantage of CVP facilities is the possibility to run repeatable experiments under well-defined conditions. However, achieving and controlling steady
boundary conditions is not a straightforward task and requires careful characterization of
the full setup. The remaining part of this chapter discusses the efforts to characterize the
different CVP facilities, located at Sandia, IFPEN and TU/e.
Before starting any measurements in the TU/e setup, the pre-combustion ignition lay-out
needed to be modified in order to run at the desired (engine-relevant) ambient conditions.
The implementation of these ambient conditions results in lean pre-combustion mixtures
especially when reacting experiments are of interest. Consequently, ignitability problems
occurred with the initial ignition set-up with these desired pre-burn mixtures. The following
modifications were therefore implemented:
• 2 Triple electrode spark plugs (instead of 1) mounted in opposite diagonals of the
vessel,
• New high-capacity power supply,
• High-capacity transistor coils normally used in natural-gas engines, and
• Continuous fan activation throughout the entire experiment compared to de-activation
right before ignition.
A Schlieren image taken from the preburn flames before and after the modifications, clearly
shows a more turbulent flame front structure compared to the previous lay-out (Figure 2.3).
The evolution of the modified preburn event will be evaluated in more detail in Section 2.4.

Figure 2.3: Differences in preburn flames before and after spark-ignition and fan operation modifications. Left the initial laminar flame and right the modified situation, showing a turbulent structure for
both approaching flames.
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The most relevant improvement is that mixtures with an equivalence ratio of φ = 0.25 have
been proven to be ignitable. In general it can be concluded that the ignition related modifications ensure a reproducible ignition of (very) lean pre-combustion mixtures necessary to
execute experiments even at high densities up to 60 kg/m3 .
Before operation, the CVP is warmed up, using 4 specially designed electrical heater plates
attached to the metal outer body of the CVP. In the past the vessel operating wall temperature was set to 70 ◦ C, mainly to avoid condensation issues on the windows. Earlier reported
motivations that the heated walls mimic engine-wall temperatures are considered not to be
relevant since a free jet is of interest, and spray wall interaction is not studied. In contrast,
other implemented methods to study flame-wall interaction in CVP facilities do exist and
have been published [31, 32]. In this work the vessel wall temperature set point was significantly increased to 180 ◦ C, which is in-line with the other ECN participating CVP setups
at Sandia and IFPEN. There are several valid motivations to increase the wall temperature.
First, the vessel leakage rate reduces due to better sealing of the individual components
which increases the accuracy of the measurements. A better measurement repeatability is
achieved at high repetition rates (one measurement every 10 minutes is considered high for
CVP facilities), since the higher vessel body temperature is less affected by the heat generated from preburn- and spray combustion events. The higher wall temperature leads to a
lower bulk temperature decrease rate (dT /dt), especially around the gas temperatures where
injection takes place, due to the smaller temperature difference between ambient gas and the
vessel wall. The slower decrease in ambient temperature improves measurement accuracy
and repeatability since the timing of the start of injection command, selected upfront the
measurement, becomes less sensitive because of the smaller deviations.
Unfortunately operating the CVP setup at higher constant wall temperatures also brings
additional challenges. The internal stirring fan is already a sensitive part because of its
continuous operation throughout the complete experiment. Despite of the challenges this
continuous activation is used because of the positive effects it has on the ignitability of the
preburn reactants and the homogeneity of the ambient gas mixture thereafter [33]. The fan
is equipped with inner roller bearings and the increased temperature led to repeated failures. This problem was eventually tackled by installing ceramic ring roller bearings which
have a higher temperature resistance. Another issue was that the radial window-port sealings are made of Viton, which has a maximum design temperature of 200 ◦ C. All-though
this maximum sealing temperature is (just) below the set-point temperature of the set-up, it
turned out that sealing rings repeatedly failed during the warm-up procedure. The obvious
problem was a significant overshoot of local vessel temperatures due to the large inertia of
the stainless steel setup, the location of the heater plates and the thermocouples that provided feedback. Gradually step-wise warming up the facility minimizes the overshoot and
minimizes failing window seals. Experiments have been performed to study wall and inner gas temperatures by mounting thermocouples at different locations in- and outside the
setup. From these measurements it is concluded that a significant stabilization time of app.
three hours is required in order to bring the whole setup at a steady and homogeneous set
temperature.

2 Experimental set-up for optical fuel spray diagnostics

2.3

19

Pre-burn reactants: composition

Elevated pressure and temperature conditions inside the CVP are created by spark-igniting
a carefully selected mixture of reactants. The composition, pressure and temperature after
this so called preburn event, into which the fuel spray is injected, are directly related to the
composition of the mixture filled before ignition. Beside these three properties, other fluid
properties are important as well and are therefore included in the evaluation of the preburn
gas selection procedure, as it will discussed in this section. Four different gases are used
to fill the vessel and to prepare the initial reactant mixture, allowing us to define four fluid
properties at the start of injection. Mathematically, the determination of the pre-combustion
mixture can be cast into a system of equations for the input masses. The variables used in
the equations to solve the desired amount of each of the pre-combustion gases are based on
the following formulated definitions:
• si stoichiometric conversion coefficient of component i in the gas mixture.
• mi,u mass of component i in the unburnt gas mixture.
• mi,b mass (after preburn) of component i in the burnt gas mixture.
• Tu , Tb , Tinj : Temperature of unburnt gas, burned gas (maximum) and at time of
injection.
The desired amount mi,u of each of the four available reactant gasses: Ar, N2 , O2 and C2 H2 ,
are calculated by solving a set of equations which are presented here in a generic form and
discussed in more detail in Appendix A.2. Argon is used to compensate for the effect H2 O
and CO2 formation has on the heat capacity of the mixture. C2 H2 is selected as a fuel
because of its wide ignitability limits and the low amount of water formed after combustion
compared to the other candidate H2 . Water formation is preferred to be minimized as it
will be discussed in Section 2.6. Calculations are based on the assumption of complete
combustion, which means no emission formation such as CO, NOx , soot and unburned
hydrocarbons. The mass-based stoichiometric coefficients si are therefore obtained from
the global fuel consumption reaction:
y
Cx Hy + (x + )O2 → xCO2 +
4
The following fluid properties are selected to be met for
ambient conditions at the moment of fuel injection:

y
H2 O
(2.1)
2
both reacting and non-reacting

• Bulk charge density: ρ
• Ambient gas bulk temperature at start of injection: Tinj
• Oxygen volume fraction: XO2 ,b
• Specific heat capacity at start of injection: cp (Tinj )
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The set of equations used to calculate the fluid properties ρ, Tb , XO2 , and cp (Tinj ) respectively read:
n
P

ρ=
n
X

Vchamber

mi,u ui (Tu ) =

i=1

mi,u

i=1

n
X

mi,b ui (Tb )

(2.2)

(2.3)

i=1

mi,b = mi,u + si mf,u

cp =

n
X

mi
cp,i (Tinj ) P
n
i=1
mi,u

(2.4)

(2.5)

i=1

Traditionally, the specific heat capacity is calculated such that the reaction products after
pre-combustion match the heat capacity of air at the temperature and pressure of interest.
For “Spray A”, ambient conditions are related to moderate EGR rates and therefore the airmimicking approach to calculate heat capacity will not be used. In this case the specific heat
at the time of fuel injection is defined equal to a mixture of Oxygen and Nitrogen with an
Oxygen volume fraction equal to the vessel conditions (0.15 for “Spray A”). The motivation
for this simplified approach is that calculating the specific heat of an engine relevant gas
mixture which contains EGR is an under-defined problem as long as the ratio of fresh air
and fuel (often referred to as λfresh by the engine community) and the internal and external
EGR rates are not specified. Although this choose is debatable, it can be argued that it leads
to a consistent approach for each oxygen fraction value selected. Another advantage of this
approach is that the heat capacity of the gas mixture can remain equal for both the reacting
and non-reacting cases by selecting an identical reference mixture based on the reacting
conditions only. Additionally, other fluid parameters, such as viscosity and conductivity of
the defined mixture are compared to real world gas compositions as well, from which it
has been shown that both viscosity and conductivity marginally change as a function the
different compositions [34].
Although four expressions are now given to define the desired amount of the four available pre-combustion gasses, it can be concluded that the solution is still unclosed since the
maximum (peak) temperature Tb is not specified yet. To do so, a factor (f ) is introduced
that represents the relative position of the moment of injection on the downhill slope of the
vessel temperature trace:
Tinj = Tu + f (Tb − Tu )

(2.6)

f = 1 means injection at the top at the adiabatic maximum temperature; f = 0 means injection after complete cooling down. For the determination of the desired conditions, an empirical value of 0.25 is used. A higher value results in lower quality Schlieren/shadowgraphy
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images, indicating severe background in-homogenities. A lower value increases the maximum peak pressure & temperature which limits the operating range of the setup since the
optical windows peak pressure is equal to 300 bar .

2.4

Pre-burn reactants: filling procedure

Besides the method described in the previous section to define the required amount of precombustion gasses, another important aspect is the filling procedure used to introduce the
reactant gasses inside the vessel. It can be concluded that the total accuracy reached for
each experiment is related to:
• Basic assumptions, mainly the global reaction equation,
• accuracy of the calculated gas properties based on NASA polynomial functions,
• the accuracy of the filling procedure, and
• the leakage rate of the vessel.
The filling procedure of the vessel is implemented as follows. At the start of an experiment,
the combustion chamber is pumped down by a vacuum pump, until an absolute pressure
of 2 kPa is reached. After emptying the vessel, the different pre-combustion gases are
sequentially filled. The filling procedure is executed using dedicated Mass Flow Controllers
(MFCs) that are selected based on the desired flow rate for the different gasses. Although
4 MFCs are used, not every pre-burn gas is filled in a pure form. It has been decided to
modify the gas filling lay-out and to implement gas cylinders to store a mixture with a
60/40 ratio of Nitrogen / Oxygen (ISO 6141 accuracy). This modification is implemented
since the usage of a diluted oxygen mixture is strongly preferred for safety considerations.
MFCs are known for their accuracy at steady state filling conditions. However, the start and
stop behavior introduces an undesired filling error especially when low gas quantities are of
interest. Moreover it is noted that MFC filling behaviour changes over time which would
require re-calibration of each of the controllers on a regular basis. Therefore, it has been
decided to follow a different strategy based on the following two observations:
• Possible overshoots leading to poor repeatability can be minimized by gradually reducing the mass flow setpoint (percentage of the maximum design flow) for each
MFC while approaching their desired amount of gas to fill based on the feedback
from the MFC.
• To ensure an accurate filling process, the amount of each gas filled is also monitored
by recording both the vessel temperature and pressure during and after each filling
step.
Monitoring the gas filling process is performed using an accurate piëzo-resistive pressure
sensor (see Table 2.1.) in combination with a 2 mm thick type-K thermocouple in the middle of the vessel. Knowing the inner vessel volume, temperature and pressure, the MFC
output can be compared with the calculated mass, based on the increase in partial pressure. To ensure high accuracy, the static pressure sensor is carefully (re-)calibrated before
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each measurement campaign. The thermocouple is not installed permanently but has been
mounted only to characterize the stabilization time after each gas is filled which is mainly
a function of the inner vessel temperature. The purpose of the thermocouples is to define
the time it takes to warm up the freshly introduced gas to the selected wall temperature.
Together with the known volume, the filled mass can now be accurately calculated from
each of the recorded partial pressures. It should be noted that the specific layout of the
system needs to be taken into account. As it can be seen from Figure 2.1 and Appendix
A.1, the total volume of the vessel is temporally larger during filling since the inlet valve is
opened and the volume of the filling line should be included. This filling line in-between
the inlet valve and the MFC also effects the final mixture of the reactant gasses inside the
vessel since pure gas from the last filling step will remain inside this line at the end of the
filling procedure when closing the inlet valve. Consequently the final density reached inside
the vessel should be calculated based on the total volume (vessel + filling line), since the
pressure sensor is mounted outside the vessel volume. The final composition of the mixture should be corrected for the remainder in the filling line from the last component that is
added. After implementation of all the correction steps described above, the repeatability
of the filling process became more accurate and repeatable. Table 2.2 shows accuracies and
standard deviations for each individual filling step.
Gas
C2 H2
Ar
N2
N2 & O2 mix

Accuracy [%]
0.11
0.88
0.49
0.14

Std-dev [%]
0.32
1.18
0.75
0.14

Table 2.2: Filling error and standard deviations after optimization. Obtained values based on “Spray
A” conditions for 80 measurements.

Finally, besides the filling procedure, the leakage rate of the vessel itself also influences the
density of the gas mixture at the start of injection. Therefore, before starting measurements
the leakage rate of the vessel is checked and compared to a selected upper threshold: 0.02%
/ sec starting from 40 bar of Nitrogen. This leakage rate threshold is based on values used by
other institutes: IFPEN and Sandia having 0.01 % / sec starting from 40 bar N2 and 0.05%
/ sec starting from 10 bar N2 respectively.

2.5

Ambient gas characterization after preburn

An accurate understanding of the ambient gas properties at the time of injection requires
knowledge and control of the gas fed into the chamber prior to spark-ignition, as well as
during the premixed flame and cool down periods. The properties of these gases affect
every aspect of spray combustion, like penetration, mixing, vaporization, ignition, and so
forth. In this section, measurement techniques and methods are discussed to produce consistent ambient gas distributions in the region of the vessel in front of the injector, following
the same approach as presented in [21]. First, the preburn event and the remaining ambient
gas mixture distribution directly after, are investigated using Schlieren-based images, see
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Figure 2.4. Schlieren images were taken through the side of the vessel to provide a measurement of density (or temperature) gradients. A full view of the test section is recorded,
to understand the effects of the preburn event on the conditions at the moment of injection.
The area along the axial path of the spray is of special interest since not the whole test
section is crossed with the single nozzle injector. The images show premixed flames propagating from a pair of spark plugs at the top and bottom diagonals of the vessel. In these
images, the injector tip is located at the top, and the mixing fan is at the bottom right. Both
flames propagate from the diagonal corners of the chamber, merging together as they move
through the charge towards the middle of the vessel. The flame nearest to the mixing fan
propagates more quickly. At 200 ms, the flame envelope is midway through the combustion
chamber, and transparent zones are found on the Schlieren images. These transparent zones
contain combustion products across the entire span of the chamber, lacking strong gradients
in temperature. The Schlieren images show complete combustion by approximately 250
ms after the time of spark. With increasing time, Schlieren disturbances appear throughout the whole chamber. These are caused by heat transfer to the vessel walls, which forms
temperature gradients in boundary layers near the walls [35]. It is clearly visible that these
disturbances decrease over time and are less visible at the time injection starts (Figure 2.4
last image lower right).
In the next section, time resolved gas temperature measurements are discussed. In the past
gas temperatures were assumed to be homogeneous, and based on the inner vessel pressure. However, the core temperature must be higher than the calculated bulk temperature
as a result of the boundary layers at the cool combustion vessel walls. Measurements were
performed during the preburn and cool-down to understand the temperature distribution
upon spray injection. The gas temperature measurements establish the relation between the
vessel core temperature and the pressure derived bulk temperature. This temperature characterization for preburn combustion vessels is executed while working at the three different institutes: Sandia, IFPEN, and TU/e. The wide temperature range encountered during
a pre-combustion event in combination with the small time scales requires an unconventional thermocouple measurement approach. The bulk gas temperature is derived by using a liquid-cooled fast-response piëzo-electric pressure sensor (see Table 2.1), relating the
measured pressure to temperature using the real gas law and the known mass within the
chamber:
Tbulk =

pM
ρRZ

(2.7)

with p the recorded pressure, M the calculated molar weight of the precombustion products,
ρ the calculated density based on the filled amount of gasses before precombustion and Z
the compressibility factor of the reactants after precombustion at the temperature of the start
of injection. The gas mixture composition is assumed to be that of complete combustion.
For the determination of the bulk gas temperature this is an appropriate assumption, since
minor species will not significantly effect the values of the variables used in Equation 2.7.
Knowing the relationship between core and bulk temperatures permits experimentation over
a range of target conditions that can all be related to the measured vessel pressure. For this
purpose, Sandia and TU/e implemented an adjustable probe with five different 50 µm di-
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Figure 2.4: Schlieren images showing the evolution of the preburn event, starting from ignition till
the time right before fuel injection.

ameter thermocouples. The thermocouples used were selected such that they are capable of
following the fast temperature change inside the combustion vessel, minimizing the error
caused by response time (thermal inertia), radiation, and conduction as described in [36,37].
The type-R thermocouples consist of five Pt-Pt13% Rh junctions. Each of the 50 micron
thermocouple wires is supported by larger prongs of the same material, in this case 250 µm
wires that extend approximately 10 mm from an insulated sheath. The thin-wire thermocouple is suspended between the two prongs, separated by approximately 8 mm. The assembly
is mounted with the use of radial seals that allow the thermocouples to be both rotated and

2 Experimental set-up for optical fuel spray diagnostics

25

translated in one direction. The thermocouple assembly provides the possibility to measure
the gas temperature on different locations in the combustion vessel. More detailed design
specifications of this particular probe can be found in Appendix A.3. The five thermocouples are spaced 15 mm from each other, visualized in Figure 2.5 together with a Scanning
Electron Microscope (SEM) image of the junction weld. This scan is used to define the size
and shape of this junction weld, required to determine the energy balance in Equation 2.8.

(a)

(b)

Figure 2.5: Left: Photograph of adjustable probe with five fine-wire, type-R thermocouples. Right:
SEM image of thermocouple bead.

High-speed data acquisition (DAQ) systems with high accuracy (up-to 250 kHz, 18 bits)
were selected. Signal conditioners can be used (Sandia) but direct logging of the raw signal
from the thermocouples is also possible (TU/e and IFPEN). However, the direct recording
of the raw signals in mV requires cold junction and linearization corrections afterwards
and careful shielding of all the wires used from the thermocouples to the DAQ. For the
measured thermocouple signal a cold junction correction is applied and the raw signal is
linearized using NIST type-R polynomial coefficients for the different temperature ranges
that are crossed during an experiment.
A similar approach is followed by all three institutes to correct the measured thermocouple
signals for radiation and the convective effect. Based on several thermocouple correction
calculations, it can be concluded that conduction effects can be neglected because a sufficiently small wire diameter was selected for the construction of the thermocouples [38, 39].
Performing an energy balance at the location of the thermocouple junction shows that the
actual temperature of the gas (Tg ) is related to the measured junction temperature (Tj ) as:
Tg = Tj + τ

d
εσ 4
4
Tj +
(T − Tsur
)
dt
h j

(2.8)

The second term in this equation is the thermal conductivity and the third term is the radiation heat transfer contribution. With: h the heat transfer coefficient, ε the temperaturedependent emissivity and τ the time-constant which is defined as:
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ρtc ctc dtc
4h
using the thermocouple density ρtc , the specific heat ctc , and the diameter dtc .
τ=

(2.9)

The influence of the thermocouple corrections is significant around the peak temperature
directly after the preburn (up to 150 K) but at the “Spray A” injection temperature of 900 K,
the impact of these corrections is relatively small, approximately 4 K. Measurement results
with respect to time after spark ignition for all institutes are shown in Figure 2.6. In this
case temperatures are measured at the same position, 40 mm downstream of the injector
spray axis. The averaged measured temperature from the thermocouples is shown including
the standard measurement deviations based on ten individual measurements. Differences
between pre-burn strategies become evident. Especially the lower peak temperature from
IFPEN, dedicated by the maximum design pressure, results in an earlier start of injection
compared to Sandia and TU/e. The standard deviation at the mean core temperature of 900
K is 11, 12, and 14 K for Sandia, TU/e, and IFPEN, respectively. Relating the measured
core temperature to the bulk temperature (also shown in Fig. 2.6) it can be argued that the
particular ratio between Tcore /Tbulk is not important, as long as the temperature distribution
is consistent from run to run. The determined ratio for Tcore /Tbulk is 1.03 for IFPEN and
1.08 for Sandia and TU/e, probably related to the different fan speeds. Experience shows
that the slower gas velocities leaves large zones of cool fluid at the bottom of the vessel.
Increasing the fan speed tends to lower the ratio of core and bulk temperatures. Unfortunately, all facilities traditionally use different fan-designs, locations and speeds, which
makes detailed analysis of the observed differences challenging.

Figure 2.6: Average core gas temperature 40 mm directly in front of the injector for IFPEN, Sandia
[21], and TU/e CVP setups.
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The measured temperature distribution at different locations inside the vessels from Sandia
and IFPEN are shown in Fig. 2.7. Measurements near the walls of both chambers show
a temperature decrease. For example, an app. 45 K lower temperature is measured close
to the injector (3 mm) due to cooling effects of the injector holder. The motivation to use
cooled injector holders will be discussed in more detail in Section 2.4. The presented measurements from Sandia close to the injector tip (Fig. 2.7a) clearly shows the decrease in
ambient gas temperature and the existence of a cool boundary layer. A “core” region of
more uniform temperature exists within the middle of the chamber. Considering only the
vertical plane of the injector, the difference in temperature along the spray axis are measured
to be within ± 1% for the Sandia vessel and ±2% for the IFPEN vessel. The variation in
temperature in the vertical (y-axis) direction because of buoyancy is stronger at Sandia (4
K for a vertical change of 15 mm) compared to the IFPEN vessel. Vertical stratification in
temperature could cause systematic combustion asymmetries in the vertical direction (e.g.,
ignition site, or lift-off length), especially when multi-nozzle injectors are of interest.

(a)

(b)

Figure 2.7: Ambient gas temperature decrease near the injector tip measured at Sandia (left). Global
temperature distribution in x and y directions at spray A conditions for Sandia (open symbols) and
IFPEN (solid symbols) (right).

Velocities induced by the mixing fan are assumed to be small in comparison to that of the
spray, producing a near-quiescent environment for mixing with the spray. Spray velocities
are expected to exceed 600 m/s at the nozzle exit, while ambient gas velocities are required
to be less than 1 m/s for “Spray A” conditions. Prior to injection, the ambient gas velocity depends upon the fan speed and shape, as well as convective activity induced by the
premixed burn. The mean velocities are used for the prediction of convective heat transfer
coefficients that are needed to perform heat transfer corrections to the measured thermocouple data. However, detailed velocity and turbulence measurements have not yet been
performed by all institutes. Applying Particle Image Velocimetry (PIV) diagnostics is a
convenient method to analyse these velocity fields, implemented in the IFPEN vessel. The
used PIV method will be addressed in more detail in Section 4.4. Post-processing of the
obtained raw images is done by using a commercially available software package: Insight
3G. An interesting question is how the use of the internal fan throughout the complete ex-
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periment (from pre-burn until the end of fuel spray injection) will influence gas velocities.
Both cases are measured: having the fan deactivated 1s before spark ignition or leaving the
fan on throughout the complete measurement. Gas velocities are near-quiescent when the
fan is turned off just before the pre-burn event, having measured velocities of 1 m/s. With
the fan activated the velocities within the vessel slightly increase, with a maximum of approximately 5 m/s. The result of these two cases is presented in Figure 2.8, showing the gas
velocity distribution immediately before start of injection. The measured speed with activated fan is slightly above the prescribed “Spray A” conditions. Nevertheless, the measured
speeds are still low compared to the velocities measured within a (diesel) fuel spray (see
Section 4.4).

Figure 2.8: PDF of the ambient gas velocities norms in the fuel spray field of view. With (black) and
without (red) activated fan.

2.6

Injector characterization

Because of the many ongoing simultaneous research activities, it is necessary to have several dedicated “Spray A” injectors available within the ECN. At the start in 2009, a set of
5 nozzles mounted on dedicated CR2.1 injector bodies (serial nr. 100675-100679) were
donated by Bosch. The injectors were all manufactured according to the same nominal production specifications as listed in Table 2.3.

Nozzle shaping
Nozzle outlet diameter
Nozzle k factor
Mini-sac volume
Discharge coefficient Cd

Hydro-eroded
90
1.5
0.2
0.86

µm
[-]
mm3
[-]

Table 2.3: Nominal specifications of ECN spray A nozzles

Inspite of their identical specifications, characterization of the individual injectors is necessary, because injection behaviour turns out not to be identical. As it will become clear
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throughout this dissertation, understanding injector-specific details helps understanding observed differences between experimental results. Careful observation and tracking of “Spray
A” injector behaviour over time, travelling from one institute to the other, also revealed the
importance of monitoring the effect of injector nozzle aging. Aging manifests itself by a
gradual deterioration of the nozzle orifice circumvented during use or storage.
While installed in CVP setups, the injector nozzle tip experiences multiple preburn and
injection events, which means operation under harsh temperature conditions in combination
with oxygen and water levels that potentially leads to oxidation. To ensure continuation,
new injectors needed to be added to the set of original “Spray A” injectors because of significant aging of (some) of the original injectors in combination with the rapid expansion of
the ECN. An additional set of 8 new nozzles, consisting of 2 production batches of 4 (serial
nr. 101001-101004 and 102001-102005), have been delivered by Bosch to IFPEN. These
nozzles are nominally identical to the ECN standard injectors and are mounted on commercially available Bosch CRI 2.16 bodies. All of the nozzles are characterized in terms of
injector geometry and performance using a wide range of different techniques, used at the
different institutes being:
• rate of injection: Bosch metering tube method (IFPEN, CMT),
• needle motion: X-ray scanning (Argonne),
• silicon molding (CMT), and
• injector nozzle diameter scanning: microscopic- and SEM-imaging (Sandia, TU/e).
A comprehensive overview of the activities undertaken to characterize the first ECN batch
of injectors is presented in [40]. At TU/e injector nozzle scans were made to analyze the
real nozzle diameter and to study aging effects of different batches of new ECN “Spray A”
injectors. A FEI quanta 600 F SEM was used to reveal the details of the geometry of the
nozzle exit hole. Observations are made regarding the condition of the inner nozzle surface,
holding the nozzles under an angle of 30◦ ( relative to the spray axis) inside the scanner. An
example of the images obtained is presented in Figure 2.9.
It is observed that for each batch of new nozzles scanned, the first specimen shows a
smoother inner nozzle surface compared to the succeeding specimens. This effect of production wear is evident for Figure 2.9a and b, showing SEM scans of the first and last
produced nozzle respectively, from the same batch. However, it is difficult to conclude
whether the observed differences in surface smoothness are pollutants or material imperfections or both. The effect of nozzle aging is illustrated in the right image, from Figure 2.9c.
An important observation is that nozzle aging effect has a severe impact on the inner nozzle
surface roughness, more than the dispersion caused by production. This particular nozzle
(102002) had been used for approximately 100 experimental runs inside the CVP at IFPEN
during an earlier measurement campaign. Due to significant aging this particular nozzle can
not be used for future experiments. It was observed that aging proceeds at different speeds
at different institutes. Therefore, investigations started to explain why the aging effects are
not as clearly visible for all facilities. At IFPEN, the CVP vessels are using hydrogen-based
initial gas mixtures and they therefore generate large amounts of water vapor [41] in the
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(a)

(b)

(c)

Figure 2.9: SEM scan results of “Spray A” nozzles. (a) New nozzle nr. 102001, first specimen
out of a production batch. (b) New nozzle nr. 102004, last specimen out of a production batch,
showing production effects on nozzle surface. (c) Aged nozzle nr. 102002, used for CVP experiments,
revealing the significant impact of oxidation on the inner nozzle surface. Courtesy N. Maes.

combustion products. This possibly enhances corrosion of the nozzle surface. Because of
this issue, IFPEN changed its preburn gas mixture composition in order to minimize the
vapor content of the products formed during the preburn event. Other measures are taken to
prevent nozzle rust/oxidation by minimizing nozzle exposure time to water vapor by purging the vessel with dry air or nitrogen and to coat the nozzle with a light oil after experiments
are completed to prevent oxidation when in storage. Another suggested solution for future
work is to coat the internal injector nozzles with a TiN layer as it was shown by [30].
Accurately knowing nozzle exit diameters for each injector is important to explain observed
differences in measurement results among different facilities. Therefore, a post-processing
routine is written to obtain the nozzle diameters from SEM scans, for which an example result is presented in Figure 2.10. The edge of the nozzle hole is detected based on calculating
the intensity derivative from the raw image. The diameter of each nozzle is determined by
fitting a circle to the detected outline. The geometric fit is based on minimizing the error
sum of squared distances from the points to the fitted circle. The circle fit is indicated in
Figure 2.9b with the dashed red line. From the obtained results, it is concluded that the perfect circle does not accurately match the real injector hole circumvented. The nozzle exit
holes, in line with the earlier analyzed original ECN injectors, are all slightly elliptical. It
was validated that this observation was not distorted by the viewing angle of the SEM scan
by rotating the nozzle inside the scanner for different measurements. Fitting an ellipse to
the nozzle outline indeed gives a much better result, as indicated by the dashed green line in
Figure 2.10b. Based on the observed nozzle eccentricities, the mounting orientation of the
injector is prescribed [28].

2.7

Injector operation

Beside accurate control of inner vessel ambient conditions, detailed understanding of the
fuel injector operation conditions is of upmost importance too. Moreover, accurate and
detailed boundary condition data is often lacking for CFD model input. An important mod-
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(b)

Figure 2.10: Determination of the injector nozzle diameter. (a) Obtained SEM image. (b) Postprocessed circle and ellipse fit.

ification for the TU/e setup was implemented first, regarding the location of the injector
inside the vessel. In the past the fuel injector was mounted in the top window of the vessel
under a 45◦ angle [30]. A significant drawback of that particular orientation is that the fuel
spray experiences (unnecessary) large gas temperature gradients while penetrating through
the setup since, based on the results from Section 2.5, a buoyancy driven hot charge settles
in the upper part of the vessel chamber after the preburn event. Therefore, the location of
the injector was changed to a horizontal mounting position in one of the side ports in order
to have the fuel spray passing through the (much) more homogeneous central section of the
vessel. While doing so, the injector fuel temperature control lay-out was redesigned and
characterized for ECN “Spray A” injectors. After these significant hardware upgrades, special attention was paid to analyze all injector aspects in detail to ensure consistency among
the different institutes, since the aim is to obtain similar injection system related test conditions in terms of:
• dynamic fuel pressure,
• fuel purity,
• fuel temperature, and
• injector driver current and voltage.
For “Spray A”, most of the injection hardware is prescribed: common-rail, fuel-line, the
mounting location of the pressure sensor, etc. Additionally, the injector control current is
prescribed in detail [28] and, with modern dedicated (laboratory) injector drivers, this profile
is accurately reproducible. Possible differences in the dynamic injector pressure among the
ECN participants is therefore mainly a function of the type of high-pressure fuel pump
used and to a small extent to the fuel return flow of the injector. Different fuel pressure
pumps are utilized for the different setups, mainly double acting air driven types. At TU/e
an air driven, single plunger, double acting Resato high-pressure pump (P160-400-2) is
installed. This pump is capable to reach fuel pressures up to 2800 bar. The fuel pressure is
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set by means of an air pressure regulator, coupled to the lab air pressure system. The pump
is pressure balanced and gives a stroke when the force due to the pressure difference is
larger than the internal friction forces of the pump. Therefore, the pump frequency and the
dynamic pressure mainly depend on the nominal fuel pressure, fuel viscosity and internal
friction of the Resato pump. Fuel pressure fluctuations around the prescribed value of 1500
bar therefore exist. Moreover, the phasing of these fluctuations compared to the SOI trigger
is random. An example of the pressure fluctuations in combination with the injector current
control signal is presented in Figure 2.11. With the current lay-out, fuel pressure fluctuations
around the nominal 1500 bar is ± 50 bar (3.3 %), which is inline with other institutes [28].
Unfortunately, outliers are sometimes encountered for the TU/e setup, for example in this
case of pump activation right before injection. These experiments are then excluded from
the measurement series. For future work, different possibilities are available to reduce the
injection pressure fluctuations such as: a mechanical spring pressure regulator [30] or gas
pressure based accumulators. The first option was tested in previous work but has been
removed to avoid (additional) mechanically moving parts inside the fuel-system, increasing
the risk of injector failure. The second option is not straightforward because of the high
pressures reached for modern commonrail diesel injectors but is regarded as an elegant
solution for gasoline range experiments which typically run at significant lower injection
pressures.

Figure 2.11: Dynamic fuel pressure fluctuations measured in the fuel line: averaged (blue line) plus
standard deviations (dashed red line). The (prescribed) injector current profile, showing the peak- and
hold current phasing, is indicated with the solid black line.

Fuel temperature will have an impact on the mixing and combustion processes as can be
deducted from the available spray models [42]. As such, to obtain directly comparable fuel
spray measurements, the fuel temperature needs to be controlled. Moreover, the injected
fuel temperature is one of the main input variables for CFD models. For these reasons, the
injected fuel temperature has to be accurately measured. The specification for “Spray A” is
a fuel temperature of 363 K in the sac volume of the injector. Quantifying and controlling
this fuel temperature is not trivial since the injector is mounted inside the vessel from which
the walls are heated to about 450K for CVP or even up to 800 K for the CPF type of setups.
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Concerning temperature control, all institutions participating within ECN have designed
cooling systems based on a coolant flow near the injector nozzle. Traditionally, these cooling systems differ from one institution to the other by their geometry, type of fluid used and
flow rate. In addition, for CVP setups, the injector tip temperature and therefore also the
fuel temperature increases due to the heat-flux from the pre-combustion event. To minimize
this effect a ceramic shield has been added to the nozzle tip, but the design and the materials
used for these ceramic shields differ slightly between institutions. At TU/e, covers are made
out of ceramic Al2 O3 , and the design insulates the protruding nozzle body, except for the
injector tip. In this way it is ensured that the fuel spray will not be influenced by the shape of
the cover, but a disadvantage is that the tip is still exposed to the hot pre-combustion gases.
Using the design specifications from Bosch and the amount of fuel injected per experiment
for an injection duration of 1.5 ms, it is concluded that the amount of fuel required to perform a single injection is located only up to 4 mm inside the injector sac volume (using the
zero reference point as indicated in Fig. 2.12a). Even when longer injection duration are
applied (see for example Section 4.2 and 4.3), the total amount of fuel injected is located
near the sac volume. Measuring the fuel temperature for example at the inlet of the injector
body is for this reason considered to be less relevant. Therefore there is a clear need for a
time resolved temperature measurement that is near the nozzle.
The major difficulty lies in the fuel temperature measurement specified for fuel in the sac
volume before and during injection. Practically, what can be determined is the temperature
of the injector nozzle without fuel and without injection. Different measurement techniques
to provide guidance about the specified fuel temperature have been under investigation.
Placing a thermocouple right on the tip of the injector body provides an average temperature
of the injector body, but for ‘Spray A” , the volume of injected fuel originates entirely within
the nozzle body. Consequently, it is difficult to deduce anything concerning the temperature
of the injected fuel based on the injector body temperature. For this purpose Sandia designed
a dummy injector equipped with a small 0.5 mm grounded type K TC. The extremity of this
thermocouple is placed in the sac volume of the injector, and its distance to the nozzle tip
can be adjusted (Fig. 2.12a). This dummy injector is similar to the ECN injectors, except
that the needle is pierced to allow for the TC, and there is no nozzle hole. This dummy
injector has been installed at each of the participating facilities to obtain fuel temperatures
and to calibrate the cooling systems accordingly. In addition, IFPEN used laser-induced
phosphorescence (LIP), not executed by the author, to measure the time-resolved nozzle tip
temperature optically. In this technique, a very thin phosphor layer is laid on the injector tip.
Because of its small thickness, this layer is supposed to be at the same temperature as the
nozzle tip surface. The phosphor layer is excited by a laser beam (266 nm), and the ensuing
phosphorescence is collected by a photomultiplier. The decay time of the phosphorescence
depends on temperature. An interpolation of the obtained signal allows determination of
this decay time and thus the temperature of the nozzle tip. These measurements have been
performed with and without the ceramic cover. More details regarding this technique can
be found in Appendix A.4. Looking only at IFPEN curves obtained with and without the
ceramic shield (see Fig. 2.12b), it appears that the ceramic shield limits the temperature
rise of the nozzle tip. There is a difference of approximately 10 ◦ C between the maximum
temperatures. The same effect has been observed on TU/e measurements performed with
the TC-instrumented injector.
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Figure 2.12: (a) Schematic overview of the dummy injector used to measure the fuel temperature
inside the injector. Courtesy: L-M Malbec. (b) Preburn event: LIP injector tip measurement temperature results from IFPEN (dots), showing the effect of the ceramic cover: (black) with and (gray)
without. Measurements are compared to obtained values from TU/e with the TC instrumented dummy
injector (solid lines).

The ceramic cover limits heat transfer from ambient gases towards the nozzle tip, thus allowing better control of the injected fuel temperature. Comparing the curves of IFPEN and
TU/e, it appears that their evolutions are similar, except for an offset of about 20 ◦ C due to
differences in the initial regulated temperatures. At the time when these measurements were
taken, IFPEN tried to control the temperature of the nozzle tip right at the injection timing,
after the preburn and cool-down, whereas TU/e controlled the steady nozzle tip temperature
before the preburn event. Since the actual fuel temperature at the time of injection is more
relevant, this temperature off-set was corrected for the measurements taken later at TU/e,
as it is shown in the remaining results discussed in this section. However, the similarity
of temperature evolutions is striking since they result from two completely different measurement methods. The internal sac temperature (solid lines) appears to closely track the
nozzle surface temperature (symbols). Based on these results, it is concluded that the use of
a TC instrumented injector is the best way to measure the nozzle tip temperature, because
it is easy to use, and allows measuring temporal temperature gradients within the injector.
Knowing this temperature, it is then possible to regulate it to a target value which is 90 ◦ C
for “Spray A” conditions, improved by the use of a ceramic shield.
To assess the spatial gradients, temperature measurements have been performed at other
locations within the sac volume of the dummy injector. CVP results during preburn events
at Sandia and TU/e, while using a ceramic cover, are shown in Fig. 2.13a. The initial
temperature is about 10 ◦ C higher for TU/e than for Sandia, but the temperature rise is
more significant for the Sandia vessel. Measurements at TU/e clearly indicated that the
implementation of different levels of injector tip insulation with different cover and contact
designs greatly reduced the heat flux towards the injector fuel. Several other hypotheses
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may also contribute to the observed differences, such as efficiencies of the cooling systems
or the different cool-down behaviors of the ambient gas between the vessels. For example,
Fig. 2.6 shows that the cool-down takes longer at Sandia than TU/e, subjecting the injector
to higher temperatures for a longer period of time.
For the different participating CVP setups SOI occurs at different times after the preburn
event. Moreover, for Constant Pressure Flow (CPF) setups the injector is exposed for a long
time to steady hot gases. It is therefore interesting to compare the effect of these differences
on the temperature evolution inside the injector. Temperatures measured for both CVP (at
the time of injection) and CPF facilities at different locations away from the injector tip
are shown in Fig. 2.13b. It appears that when the TC moves away from the nozzle tip, the
steady-state temperature is decreasing (about 5◦ C over 2 mm) for both CPF and CVP. Moreover, during the preburn event, the temperature rise is less important as the distance to the
nozzle tip increases. The existence of this temperature gradient is observed. The temperature of the injected fuel will therefore be expected to vary during the injection, and the flow
of fuel will also cool the nozzle. There is experimental evidence supporting a decreasing
fuel temperature with respect to time, based on transient liquid length measurements [21].
Because temperature measurements are performed without fuel and without injection, they
only provide information on the initial temperature of the nozzle and its evolution. No information is provided regarding the evolution of the temperature of the injected fuel, which
is required as an input boundary condition for modelers. The injector temperature characterization, including the nozzle surface, sac volume, and upstream body can provide limits
as to the expected temperature, however. The maximum temperature rise of the nozzle tip
is about 15 ◦ C during the preburn event, so the maximum temperature of the injected fuel is
approximately 105 ◦ C. The temperature gradients are about 15 ◦ C, 5 mm from the nozzle
tip, so the temperature of the injected fuel should not fall below 75 ◦ C. The combination of
these two measurements gives a value of 90 ◦ ± 15◦ C for the injected fuel temperature.

2.8

Conclusions

This chapter described the CVP setup at TU/e and its operation. Setup hardware upgrades
for the CVP at TU/e and a full characterization of the boundary conditions for each ECN
participant enabled a direct comparison for the different facilities and provides detail boundary conditions for CFD model input. The accuracy and repeatability of the setup has been
improved by carefully monitoring the individual steps starting from the gas filling procedure
till the analysis of ambient condition at the time of fuel injection. The boundary conditions:
fuel pressure, fuel temperature, ambient composition, ambient temperature, ambient velocities and specific detailed injector characteristics were all determined in great detail since
they will dominate the accuracy and usability of the spray measurements that will be addressed in Chapter 3 and Chapter 4.
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Figure 2.13: (a) Measured fuel temperature traces from different CVP facilities: TU/e (lines) and
Sandia (dots) at different locations inside the injector nozzle. (b) Measured fuel temperatures at different locations inside the injector body at the time of injection for both CPF (CMT and Caterpillar)
and CVP (Sandia, TU/e, and IFPEN) facilities at “Spray A” conditions.

Chapter

Experimental diagnostics
to validate Spray A
conditions

3

To validate high fidelity CFD models, accurate and reproducable data is needed, not
trends.

This Chapter is based on the following publications:

Meijer, M., Malbec L-M, Bruneaux G., Somers, L.M.T. (2012). Engine combustion Network: Spray A basic measurements and advanced diagnostics. Proceedings of the 12th
International Conference on Liquid Atomization and Spray Systems, ICLASS 2012, 2-6
September 2012, Heidelberg, Germany,
Meijer M., Somers L.M.T., Galle J., Verhelst S., High-Speed Characterization of ECN
Spray A Using Various Diagnostic Techniques. SAE Engines Journal 2013-01-1616
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3.1

Motivation for standardized spray diagnostics

The ECN collaboration includes research efforts at several institutions with different types
of high-pressure, high-temperature facilities: both Constant Pressure Flow (CPF) and CVP.
Based on the different setups and available lab equipment, each institute tradittionally developed different diagnostic capabilities. Research at specific target conditions (i.e. “Spray
A”) leverages the expertise and diagnostic capability of each participant with the ultimate
goal to create more quantitative datasets that can improve CFD modeling. However, to
arrive at this point of combining advanced diagnostic datasets, a clear unsterstanding of
measurement accuracy and repeatability at “Spray A” conditions is needed. The first step in
the collaborative efforts, as discussed in the previous chapter, was to characterize boundary
conditions of different participating facilities, at these “Spray A” conditions. The second
step is presented in this chapter; execute well-defined standardized spray diagnostics on
nominal identical sprays in order to reveal intra- and inter-setup measurement uncertainties
and repeatability, and to address possible causes of differences if necessary. Basic spray
variables: liquid- and vapour-phase penetration and ignition delay times are compared in
this chapter not only using similar experimental setups and optical diagnostic techniques
but also standardized post-processing methodologies. In this way the spray and combustion characteristics of CPF and CVP are directly compared for the first time in a systematic
manner.

3.2

Time-resolved spray penetration

Spray penetration, which is defined as the distance from the nozzle to the leading edge of the
fuel spray, is one of the fundamental parameters that has historically been used to characterize fuel spray jets [17]. It has been selected as one of the primary measurements, meaning
that spray penetration should be verified at “Spray A” conditions before applying additional
more advanced experimental techniques as it will be presented in Chapter 4. The complexity of the multi-dimensional behaviour of the spray process makes it impossible to give
quantitative information about the full density field of the spray. However, comparisons with
Rayleigh scattering measurements (an experimental technique discussed in Section 4.6) and
the non-uniform mixing model of Musculus and Kattke [29] indicate that a (high-sensitivity)
shadowgraph setup, as it is used for this work, captures the spray edge boundaries that corresponds to near-zero fuel concentration, which makes a comparison with CFD modeling
results more direct. The time-resolved penetration length is dependent on injector and ambient conditions and several studies are available to derive parameter sensitivities for basic
fuel spray understanding. Based on earlier published work, comprehensively summarized
in [34], it is known that the main variables determining spray penetration are:
• Ambient density,
• Orifice diameter,
• Fuel injection pressure,
• Fuel viscosity and density.
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Spray penetration is a relatively easily observable phenomenon and it measures an important parameter in fuel spray behaviour that provides an indicator of the momentum driven
mixing process. The primary methods for measuring spray penetration are focussed shadowgraphy and Schlieren-based techniques, which are both essentially based on the bending
of light by refractive index gradients in the test section. Besides spray penetration, which
is the main variable of interest here, other important spray properties can be obtained from
Schlieren/shadowgraph imaging as well:
• Dispersion or spray angle θ [17],
• Distinction between liquid and gas-phase, using an inverse spatial filter or dark field
arrangement [43], and
• Cool flame first stage ignition [44, 45].
The basic idea of Schlieren and shadowgraphy is to study disturbances that alter light propagation through a transparent medium. The word Schlieren means streaks in German which
refers to gradient disturbances of inhomogeneous transparant media. Light propagates uniformly through homogeneous media, but the ambient atmosphere inside the CVP is not
uniform. Actually it is full of disturbances and inhomogeneities, as it was shown in Section
2.5. In gas flows, variable density and with it a change in refractive index (n), can arise due
to temperature differences, high gas speed instabilities or the mixing of gases with different
molar mass. The relation between fluid density (ρ) and refractive index is, in an abbreviated
form [46] given by the Gladstone-Dale relation:
n − 1 = Kρ

(3.1)

where K is the Gladstone-Dale constant, which has the dimension 1/ρ and depends on the
gas and the wavelength of the light source used. Additional information regarding the relationship between the refractive index and resulting angular ray deflections can be found
in Appendix A.5 and a description of the assumptions and a full derivation can be found
in [46]. Schlieren is the most commonly used method, since it is typically more sensitive
compared to shadowgraphy (although exceptions are found for shock waves and highly turbulent environments). The terms Schlieren and focussed shadowgraphy are often confused,
probably because they are closely related in terms of the used optical arrangement [47].
Both Schlieren and focussed shadowgraph methods are integrating optical systems that
project line-of-sight information onto a detection plane, often a digital camera chip. However, there are several distinctions between both methods from which the most important is
that Schlieren methods require a knife-edge or Schlieren-stop or any other spatial filter to
cut off the refracted light, where no such cut-off is needed in shadowgraphy. Mathematicaly,
the illuminance level in a Schlieren image responds to the first spatial derivative of the refractive index. The shadowgram, however, responds to the second spatial derivative [46,47].
For the remainder of this section the focussed shadowgraphy setup used at TU/e is discussed. In contrast to other institutes (Sandia, IFPEN), who use z-folded parabolic mirror
arrangements, the setup at TU/e consists of a more traditional dual field lens arrangment
shown in Figure 3.1a and 3.1b. A point source of light is simulated by passing a focussed
beam from a light source through a 2 mm pinhole in a metal plate. The transmitted light
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beam is collimated by a positive 100 mm (biconvex) lens which is placed at the focal distance from the pinhole. The parallel light beam passes through the inner volume of the CVP.
Focussed shadowgraphy is parallel-light shadowgraphy, having a reference plane right after
the test section at a distance L, with additional optical elements to project the plane on the
chip of the camera. The light is converged by a similar positive lens on the other side of
the test set-up. Subsequentely, the camera lens is positioned right behind the focal plane of
this second lens (see Figure 3.1a), projecting the reference plane on the CCD chip of the
high-speed camera (Phantom V7.3).

(a)

(b)
Figure 3.1: Schematic lay-out of a focussed shadowgraphy setup (a), and implementation of the setup
in the CVP facility at TU/e (b).

The relative changes of the light intensity in the reference plane and, in the case of focussed
shadowgraphy on the camera chip, is provided by:
∆I
(x, y) = L
I

Z

ζ2

(
ζ1

δ2
δ2
+
)(ln n)dz
δx2
δy 2

(3.2)

, which is based on the full derivation found in [46]. From Equation 3.2 it becomes evident
that the shadowgraph is sensitive to changes in the second derivative of the gas density.
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In previous (TU/e) work a tradittional field lens Schlieren arrangement was used. A problem often encountered in the past was the “noise” level in the regions surrounding the spray.
The low contrast made it challenging to distinguish the fuel spray from its background,
especially when running experiments at higher densities [30]. Three important modifications have been implemented to optimize the setup with the aim to minimize background
disturbances. The first modification has already been discussed: the activation of the internal mixing fan throughout the entire experiment, enhancing gas mixing hence less gas
temperature/density gradients, which directly translates into better Schlieren and shadowgraph spray images. Second, the Schlieren lay-out is replaced by a less sensitive focussed
shadowgraphy setup which in practice implies removing the spatial Schlieren stop from the
setup and focussing the lens onto the reference plane (see Figure 3.1a). Normally, the higher
sensitivity of a Schlieren arrangement is considered to be a good thing. However, in the case
of the disturbing ambient gases inside the CVP around the fuel spray, which become more
apparent when using a sensitive Schlieren lay-out, it is not. Moreover, the resulting image
intensity is higher for shadowgraphy (using a similar light source) since no light is blocked
by a spatial filter. Third, in the past, a 4000 Watt Xenon lamp acted as a light source for
the optical setup but heat dissipation from the lamp itself caused observable disturbances in
the obtained image. With nowadays high-intensity LED technology evolving, it has been
decided to replace the Xe light source by a blue (460 ± 10 nm) 10 W Continuous Wave
(CW) LED. For the “Spray A” measurements, the focussed shadowgraphy setup is used to
measure time-resolved gas phase penetration of both inert and reacting sprays. In the case
of reacting sprays, soot luminosity leads to undesired interference with the shadowgraphy
image. It can be regarded as a light source-term within the optical setup. A short-pass filter
with 600 nm cut-off frequency was added for reacting spray experiments to avoid overexposure of the camera chip, preventing pixel bleeding and enabling proper visualization of the
gas phase contours at the tip of the penetrating fuel spray. An impression of the improvements for both reacting and non-reacting sprays is shown in Figure 3.2.
Definition of the penetration length and post-processing of the raw high-speed images is
done by using the standardized post-processing code developed at Sandia [28]. The algorithm looks at the texture of the temporal derivative of the series of images to define the
spray region [44]. Differential image subtraction: dIm=Imi -Imi−1 , is a convienient tool
since the time scales of the moving spray are significantly shorter than the changes in background fluctuations. The penetration distance is defined as the distance from the nozzle
along the spray axis to the tip boundary of the spray. The spray axis is defined as the line
from the injector tip through the centroid of the spray. This centroid location is derived from
the pixel that fall inside the spray region borders [17]. During processing of the obtained
focussed shadowgraphy images it was found that the signal to noise ratio (spray contour
v.s. ambient) was sufficiently improved to robustly detect the spray boundaries at “Spray A”
ambient conditions, especially since an image subtraction strategy was used. The difference
between spray penetration for inert and reacting sprays, and a comparison with measured
values from other ECN participants is shown in Figure 3.3, including measurement standard
deviations based on 10 individual injection events.
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(a)

(b)

(c)

(d)

Figure 3.2: Improvements in spray penetration imaging. (a) Initial Schlieren set-up measured at ρ 16
kg/m3 and Tg =1153 K [19,30]. (b) Focussed shadowgraph lay-out showing a non-reacting fuel spray
at “Spray A” conditions. (c) Focussed shadowgraph at reacting “Spray A” conditions (d) Focused
shadowgraph as in c, using a 600 nm low pass filter to reject soot combustion luminosity.

The results for the spray penetration of the inert and reacting spray are shown in Figure
3.3a. The vertical green line represents the (hot flame) start of ignition for the reacting
spray as it will be discussed in Section 3.4. The start of combustion can be clearly observed
by the nod in the curve as it was also shown in [17]. Moreover, due to gas expansion, the
spray penetrates faster after start of combustion compared to the inert case. From Figure
3.3b, it can be concluded that the results of different groups for spray penetration data show
relatively small variations, all within the presented measurement uncertainties. Sandia and
CMT measured almost identical penetration with the same injector. Small differences with
other institutions are in agreement with the different rate of injection profiles, related to
slightly different nozzle diameters (see Section 2.6). The spray penetration is found to scale
linearly with the nozzlehole diameter as proposed by several 1D models [17], leading to
an uncertainty of the mean penetration length of 2-3%. Additional sources of uncertainty
include optical resolution and nozzle position, but these sources represent less than 1% uncertainty.

3.3

Liquid fuel phase penetration

The Liquid Length (LL) is generally defined as the maximum distance from the injector tip
to liquid-phase fuel penetration location for an evaporating fuel spray [48]. This value is a
fundamental parameter for the validation of spray model liquid break up, evaporation and
mixing. The LL is especially sensitive to ambient variables, but as it is reported in literature,
not so much on injection pressure nor fuel density [34, 48]:
• Ambient temperature
• Ambient density
• Nozzle diameter
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(a)

(b)
Figure 3.3: Spray penetration for “Spray A”: (a) Measured reacting and inert spray penetration at
TU/e for injector 210679. ID shows the measured ignition delay (Section 3.4). (b) Comparison of
inert spray penetration results between various ECN participants presented at the third ECN workshop
[28]. Different injectors used are shown in the legend.

Traditionally, two different experimental measurement techniques exist to visualize the liquid phase in evaporating fuel sprays: Mie scattering and light extinction. Mie scattering is
based on elastic scattering of light from droplets and has intensively been used as a diagnostic technique for fuel sprays, for example in Section 4.7, probably because it is relatively
easy to obtain the high intensity (elastic scattering) signal compared to Raman and Rayleigh
scattering techniques. Unfortunately, recent studies have shown that slight differences in
the experimental technique, such as light orientation (head versus side spray illumination),
light source and so forth as well as calibration and post-processing, could lead to large vari-
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ations, up to 15 %, in the measured LL [49]. Moreover, the definition of the spray boundary
is quite subjective, usually related to the maximum Mie scattering intensity, which is based
on a peak signal that is sensitive to the experimental setup. This definition is often not consistent with the definition used in CFD model outputs, making a comparison between the
two indirect [50]. An alternative LL measurement technique, based on light extinction is
Diffuse Back-light Illumination (DBI) imaging. This technique may be preferred over Mie
scattering diagnostics because light extinction measurements are essentially self-calibrating.
They are based on direct measurement of an intensity ratio (I/I0 ) and yield a measurement
of optical depth (or transparency) of the liquid core, the quantity of light removed from a
beam by extinction, based on Beers law. In other words, the incident illumination without
the spray provides an intensity reference that can be used to determine the global extinction
when light is attenuated by the spray.
The DBI technique holds the promise of quantifying liquid volume fraction and/or droplet
sizes since the measured optical thickness is dependent on these quantities. Unfortunatly, at
the current status of this extinction technique quantification is yet not possible. The reason
for this is that the DBI method suffers from beam steering, especially at the tip of the liquid
jet. Clipping of light rays at the collection aperture occurs, yielding uncertainties in the
measured optical thickness and making the lowest levels of optical thickness undetectable.
This limits the capabilities to extract quantitative measurements of the LL under diesel engine conditions. However, for now, the primary goal of the presented DBI measurements
in this section, is to study the spread in obtained measurement results for each participating
facility under Spray A conditions, not necessarily to provide a quantitative measure of volume fraction for model validation. To achieve this goal a standardized DBI setup and post
processing algorithm is used by each participant.

Figure 3.4: Schematic of the optical DBI arrangement to measure liquid phase fuel penetration. The
purpose of the field lens is to redirect the diffused bundle of rays toward the camera imaging lens. The
camera lens is focused on the (liquid) region of the evaporating fuel spray.
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An optical setup (Fig. 3.4) with a high optical efficiency, thus allowing short shutter times
with a relatively low intensity source without sacrificing image quality, has been implemented according to the optimized arrangement suggested in [51]. The light used to illuminate the spray comes from a short pulsed LED light source (460 ± 10 nm) in combination
with a diffuser and a Fresnel lens. Using a very short light exposure of 100 ns, the imaging
system captures the instantaneous liquid core shape with high precision, effectively freezing
the development of the liquid in time. The engineered diffuser is an optical element that has
a microtextured surface in a square pattern arrangment (Thorlabs P/N ED1-S50) to provide
dispersion of the incident light, resulting in a uniform back light through a well-defined
range of divergence angles (50o ), as compared to a ground glass surface optical diffuser.
The key feature of this optical technique is that, instead of collimation of the incoming
light, a diffused bundle of rays is directed towards the spray and rays are collected from
multiple angles along various paths. Although beam-steering still occurs for any single ray,
the integration of multiple rays onto a single pixel has the effect of smoothing the effects
of beam steering on the two-dimensional results. The field lens is a Fresnel lens (Edmund
Optics P/N NT32594) with a focal length of 152 mm. The purpose of the field lens is
to redirect the light toward the camera imaging lens. The engineered diffuser coupled to
a Fresnel lens creates a uniformly illuminated background without significant reduction in
light intensity having more than 90% transmission [51]. The location of the field lens was
chosen to be one focal length from the spray axis. At TU/e images were captured by using
a high speed camera (Phantom V7.3) with a frame rate of 120 kHz. A 50 mm f/1.4 camera
lens is used in combination with a 8 mm extension ring, focussed on the liquid core of the
spray.
The DBI method is based on the measurement of light extinction through the liquid core.
The reference level is the background of the image when there is no liquid fuel injection.
A mean image of the background, I0 taken right before start of injection, is thus necessary. Each image is processed to provide a quantitative measurement of line of sight light
extinction by relating the instantaneous intensity I to the reference intensity I0 , to obtain
the normalized intensity of the image. The logarithm of the normalized intensity gives the
integrated extinction factor τ in the whole two-dimensional visualization field:

Z

ζ2


α(x, y, z) dz = − ln

τ (x, y) =
ζ1

Icol (x, y)
I0 (x, y)


(3.3)

, with α being the absorption coefficient of the medium and ζ1 and ζ2 the z-coordinates of
test section boundaries, along which is integrated (line of sight). Two different post processing methods are selected to analyze the LL since time-resolved and time-averaged values are
of interest. To measure the evolution of the LL over time, τ is computed for each individual
image during a complete injection event. The time-resolved LL is based on a background
corrected instantaneous image. A threshold based contour around the liquid area is drawn.
The pixel at the maximum distance from the injector is used to define the time dependent
LL. The followed approach is illustrated in Figure 3.5.
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(a)

(b)
Figure 3.5: Raw DBI image showing liquid phase fuel penetration, and background intensity fluctuations caused by beam steering (a). Post-processed background-corrected image indicating the liquid
boundary threshold contour in red and the resulting LL indicated by the dotted blue line (b).

Figure 3.6 shows a typical result the obtained results for time-resolved LL. Ten individual
injection measurements are used to obtain an ensemble-average together with shot-to-shot
standard deviation. For the time-resolved results it can be concluded that the deviations
among the three institutes are within the measured standard deviations. The measured LL
penetration at Sandia is higher than the others (10 %). The difference might be caused by
the sensitivity to beam-steering of in the threshold based LL contour since, despite of the
similar optics used, it can be affected by (small) differences in setup allignment. However,
for the steady LL results where (as it will be discussed next) the LL definition is more robust,
a higher value is found for the Sandia measurements as well. Differences in injector nozzle diameters (as discussed in Section 2.6) might explain the differences observed between
Sandia and TU/e, but the obtained LL values for IFPEN and Sandia should then be equal.
At the EOI (1.5 ms) it is noticed that the LL decline is less steep for TU/e measurements indicating a slower needle closing behaviour. This effect can be explained by the usage of an
in-house build injector driver not capable of negative voltage output, hence a limited needle
closing pull current slope. Based on the observed impact on the LL and probably other, EOI
spray related variables, it has been decided to replace the injector driver with a fully flexible
system: EFS Ipod Coil 8532. A very good agreement is found between IFPEN and TU/e
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in terms of steady-state value. Beside the difference at the EOI, the transient LL behaviour
at all institutes looks very similar. From the obtained time-resolved LL penetration data, it
can be concluded that a steady LL period clearly exists during an injection event. This particular interval is directly used to define the interval of interest for computing time-averaged
LL values.

Figure 3.6: Time-resolved evolution of the LL under “Spray A” conditions, comparing results obtained at different institutes. Used injector serial numbers are indicated. Presented at the ECN3
workshop [28]

As explained above, the DBI technique suffers from beam steering near the liquid spray
tip, due to the refractive index gradient created by the vaporized fuel. Therefore, for the
time-averaged results the exact liquid length is not measured precisely, but the decay of
the extinction factor along the spray axis is linearly fitted. The location where this linear
fit intercepts zero, is defined as the LL as it is shown in Figure 3.7. The figure shows an
ensemble averaged image (top) and the evolution of τ along the axial spray axis (bottom).
Besides the measurements executed at TU/e, steady LL results are provided by several other
ECN participants. The data is officially published and can be taken directly from the ECN
database [28]. The obtained results are presented in Figure 3.8. For the steady LL values,
differences between the used injectors are corrected for a fair comparison (red numbers),
according to the linear relation found for LL as a function of the nozzle diameter [48, 52].
A larger LL value is found by Sandia, as observed before in the time resolved LL results.
Nevertheless, keeping the experimental uncertainties in mind, it can be concluded that the
obtained results for LL are satisfactory. The applied nozzle-hole correction does not reduce
the obtained measurement spread among the institutes.
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Figure 3.7: Ensemble-averaged LL image (top) and the evolution of τ along the spray axis (bottom).

Figure 3.8: Comparison of the LL for non-reacting “Spray A” conditions. Showing the results from
different institutes. The original values are shown in black at the top, the corrected values for the
difference nozzle diameter [11] are shown in red below

3 Experimental diagnostics to validate Spray A conditions

3.4

49

Ignition Delay

The processes that drive ignition and combustion phasing include all of those discussed
previously, including careful gas (especially O2 ) and fuel temperature control as well as
vaporization, mixing, and penetration. Ignition phasing is known to have a very high (exponential) sensitivity to temperature [53]. Two important parameters of spray combustion
are the moment and location where the combustion process initiates. The definition of ignition is ambiguous. A distinction can be made between the first stage cool flame and the
second stage hot flame ignition. Both of these phases are of interest but different methods
are required to observe and analyze them. In this work attemps are made to measure the
first stage cool flame chemistry period of ignition based on detection of chemiluminescence
from excited state species such as Formaldehyde (HCHO∗ ) and Formyl (HCO∗ ) [54]. For
the hot flame ignition the detection of OH∗ radical chemiluminescence (see Section 4.2 for
more details) and the change in pressure of the ambient gas inside the vessel are used. Both
techniques are used simultaneously to detect the second stage ignition since it has been
demonstrated that they provide similar results for ignition delay for different ambient temperatures around “Spray A” conditions [43].
The approach to use ambient gas pressure increase for ignition detection is a very common
method in closed volume test facilities such as (optical) engines. For the pressure-based hot
flame ignition delay measurements, a dedicated pressure sensor is installed inside the CVP.
Normally the pressure history in the vessel is recorded with a single piëzo-electric pressure sensor and therefore the settings of the pressure sensor amplifier are selected such that
the whole pressure range during one measurement event (dictated by the pre-burn event)
is covered. The measurement approach as it is presented here, where the dedicated sensor
is optimized for ignition detection only, is largely based on the method described in [55].
The settings of the amplifier are selected such that the signal-to-noise ratio around the pressure event of interest is maximized by increasing the gain setting (Volt/Bar). With higher
sensitivity to pressure, the charge amplifier would saturate and overload during pre-burn
if continous activation was used. Therefore, since the piëzo-electric sensor acts as a relative pressure transducer, the charge amplifier was kept in reset mode to continuously drain
charge from the transducer until briefly prior SOI. An overview of the used hardware and
settings can be found in Table 3.1.
Pressure sensor
Sensor sensitivity
Amplifier
Sample frequency
A/D conversion

Kistler 7061: 20MPa
790 pC/MPa
Kistler 5011B
30 kHz
18 bits

Table 3.1: Used hardware and settings to detect pressure-based ignition delay.

The followed postprocessing method for the pressure-based ignition delay is based on applying a correction for the pre-burn pressure decline and delay caused by the finite speed of
sound [55]. First, the measured pressure signal is corrected to isolate the spray event. This
includes compensation for the rate of pressure decline due to charge-to-vessel heat transfer.
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The fall in pressure prior to injection, apparent in the uncompensated pressure signal, is
driven by convective heat loss through the chamber walls. The rate of pressure decrease
from heat transfer is well characterized by an exponential curve fit (see Tbulk in Figure 2.5).
Second, a correction for the speed of sound is based on the time (t) it will take for a pressure
wave traveling at a speed of (c) over a certain distance (D):
t=

D
c

(3.4)

In contrast to the proposed triangulation theory in [55], used to detect the ignition loction
based on two different pressure sensors, the location (D) of the ignition in this work is
directly derived from the simultaniously obtained high-speed images. The speed of sound
is calculated as:
r
γ R Tamb
c=
(3.5)
M
where γ is the ratio of specific heats, R the universal gas constant, Tamb the ambient gas
temperature and M the molecular weight of the ambient gas. An example of the raw and
processed data is shown in Figure 3.9. It is noted that the raw unfiltered and non averaged
pressure data show a very low noise level before ignition. The large oscillations after ignition are not experimental noise, but are caused by the intense pressure rise of the premixed
burn, which creates pressure waves that propagate throughout the combustion vessel. The
smoothed pressure is traditionally used to calculate the ignition delay, based on a 0.02 bar
threshold in pressure increase. Since both signals (raw vs. filtered) lead to the same result,
indicated with the open circle in Figure 3.9, one can argue that the whole filtering method
is not strictly necessary to define ignition delay time. However, for “Spray A”, a short coolflame ignition period exists, and therefore this obersvation might change for experimental
conditions for example executed at lower ambient temperatures.
The goal of the first-stage cool flame ignition delay measurements is to capture the first
emission of light emitted by first-stage chemistry. The natural-luminosity derived ignition
delay is based on direct intensified high-speed recordings. For these measurements no optical filter is used in front of the camera lens, because they reduce optical transmittance. In
this way the relatively weak HCHO* and HCO* emission in pre-ignition cool flames can
be captured and used to identify the region where cool flame chemistry occurs prior to high
temperature combustion [55, 56]. Note that the often used motivation for using a band- or
shortpass filter is to suppress soot luminosity, but this is considered to be less relevant for
the early cool flame ignition detection since soot is not present at this very early stage of
the combustion event. For the light-based ignition delay measurements, the region of interest of the high-speed camera has been reduced to minimize the area utilized on the camera
chip. This was possible without sacrificing spatial resolution since the ignition location
is, within small boundaries, known upfront. This enables usage of the maximum possible
camera frame-rate. High-intensity natural soot luminosity appears directly after start of the
high temperature combustion phase which will fully saturate the camera if no further measures are taken. The camera and intensifier are therefore deactivated directly after ignition
to protect the expensive and sensitive high speed intensifier from overexposure. For the
light-based detection of the first OH∗ emission, indicating the start of hot flame ignition,
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Figure 3.9: Pressure increase after start of ignition. The raw pressure signal is already corrected for
preburn cool down pressure decay.

a narrow band-pass filter is added (308 ± 5 nm). A different high-speed fibre-coupled intensified camera and a different ECN injector are used, since measurements were executed
independently from the first series discussed above. The used measurement settings for both
light detection lay-outs are summarized in Table 3.2.
For both measurements, first and second stage luminosity based ignition, the start of ignition is based on extrapolation of the signal intensity to zero. This approach is especially
meaningful for the OH∗ measurements, since for these measurements the maximum frame
rate of the camera is significantly lower. The first frame where signal is detected (i) is corrected for background noise by subtracting the previous frame (i − 1) and the same is done
for the second frame (i + 1)-(i − 1). The remaining intensity of the, by post-processing detected ignition kernels is used to linearly extrapolate to the time stamp where light intensity
is assumed to be zero. The approach is schematicaly explained in Figure 3.10.

Camera
Frame rate
Resolution
Intensifier gating time
Gain
Filter

First stage
Phantom V7.3 + IRO
41
0.20
20
85
308 ± 5

Second stage
Lambert Inst. HiCAM 5000
15
0.21
15
85
none

Table 3.2: Used settings to detect both stages of light based ignition delay.

kHz
mm/pix
µs
%
nm
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Figure 3.10: Method to determine ignition delay time. The dark blue boxes indicate the high-speed
camera exposure time and the red boxes the (shorter) intensifier gating. The obtained intensity signal
from ignition is extrapolated to zero.

Figure 3.11: Successive time-resolved images of the initial stage of combustion ignition, indicating
the transition from cool to hot flame ignition. t=378 µs (cold flame ID), t=403 µs, t= 427 µs (hot
flame ID).

A detailed overview of ignition delay values obtained by different ECN participants, using
different injectors is shown in Table 3.3. A second stage ignition delay in-between 0.39 and
0.44 is found which, taking the short time scale in mind, is very consistent. The obtained
value for the first stage ignition delay is below the values found for the second stage ignition
delay and ignition detection based on the pressure signal. However, the time difference
is small, taking the measurement frequency of the camera into account. It is therefore
difficult to make firm conclusions wheter or not the earliest stage of cool flame ignition is
really detected. Based on recent measurements executed at Sandia, using a similar sensitive
pressure transducer configuration, it is known that a longer first-stage ignition period exists
for lower ambient gas temperatures. These conditions should be studied in more detail
in order to conclude wheter the implemented chemiluminescence method trully captures
the beginning of the first stage ignition period. In order to have a more direct comparison
among the different injectors used, a correction based on the linear ignition dependence as
a function of the individual nozzle diameter is presented as in Figure 3.12. This overview
includes the obtained standard deviations as well. The correlation used is based on the work
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of Payri et al [11]. After correction, the obtained ignition delay values become even more
consistent and deviations even fall within the uncertainties.
Institute
TU/e
Institute
Sandia
IFPEN

CMT
TU/e

First stage cool flame ID (light based)
Injector
Time [ms]
Axial distance [mm]
210679
0.37
16.0
Second stage ID
Injector Pressure based [ms] Luminosity based [ms]
210677
0.44
0.43
210677
0.41
0.39
210676
0.40
210678
0.42
0.40
201001
0.41
210675
0.44
210679
0.41
0.44
201001
0.43
0.40

Table 3.3: Overview of “Spray A” ignition delay measurement results for different techniques and
between different institutes. Data taken from [28, 43]

Figure 3.12: Comparison of the ignition delay (ID) based on the chemiluminescence between different institutes. The original values are shown in black at the top, the corrected values for the nozzle
diameter are shown in red below.
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3.5

Conclusions

This chapter discussed the implementation of well-defined standardized diagnostics on nominal identical sprays in order to have a one-to-one comparison and to reveal intra- and intersetup measurement uncertainties and repeatability. Different institutions have provided,
LL, spray penetration, and ignition delay data according to the standard measurement and
post-processing techniques. In this way, the spray and combustion characteristics of CPF
and CVP were directly compared for the first time. Moreover, for the relatively new CVP
facility at TU/e, this was the perfect opportunity to validate the earlier presented efforts
regarding hardware upgrades and vessel characterization, aiming to bring the facility up to
the level of reputable combustion research institutes. It was concluded that within the experimental uncertainties, the various data sets largely agree with each other. Off-sets can
often, but not always, be explained by the differences in nozzle diameter in combination
with their sensitivies on the spray variable of interest known from literature. Knowing that
the reproducibility of standardized experiments show satisfactory results among the different participants, additional experiments can now be executed by the various participating
institutes. This brings us to the next step within the ECN, which is to apply new, more
advanced and often unique diagnostic techniques implemented by the different institutions
within their own field of expertise. The aim is to rapidly expand the “Spray A” database
with the type of qualitative and quantitative data that is currently missing for CFD model
validation at engine conditions.
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4.1

Motivation

The previous two chapters from this dissertation basically followed the same approach in
presenting ECN research activities as it was done during the 1st and 2nd ECN workshops.
Once the boundary conditions are carefully characterized (ECN1), and measurement reproducibility of standardized experiments show satisfactory results among the different participants (ECN2), additional experiments can be executed by the various participating institutes.
The work presented in this chapter discusses the next step within the ECN, which is to apply new, more advanced and often unique diagnostic techniques executed by the different
institutions within their own field of expertise. The aim is to rapidly expand the “Spray A”
database with the type of qualitative and quantitative data that is currently missing for CFD
model validation at engine conditions. Additionally, excursions around the prescribed Spray
A conditions are added to the test matrix to provide information regarding parameter sensitivity. Although many different experimental research efforts are ongoing, only the ones
directly related to the authors PhD. work are presented here. A detailed overview of other
research activities is found in the proceedings of the last (recent) ECN3 workshop [28].

4.2

High-speed OH∗ imaging

An important and often studied characteristic in combustion applications is the location of
the flame front. For experiments on conventional diesel fuel sprays, the location where the
upstream flame front stabilizes during an injection event is often of interest. The distance
from the injector to the stabilized reaction zone, directly after auto-ignition, is traditionally
called the Flame Lift-Off Length (FLOL). The finite FLOL allows fuel and air to premix
upstream of the reaction zone, affecting combustion and emission (mainly soot formation)
processes downstream [57]. Analysis of the flame front is often based on detection of OH∗
emissions or by OH Planar Laser Induced Fluorescence (PLIF). Both techniques are implemented and evaluated in this dissertation, from which the first method is discussed in this
section and OH-PLIF in Section 4.3.
In the kinetic description of OH chemiluminescence it is assumed that excited OH radicals, OH*, are created through several reactions formed in the flame regions [58]. OH∗
denotes electronically exited OH radicals. In practice, it only concerns the lowest electronically excited state. The detection of OH∗ is based on capturing spontaneous emission of
light by these electronically excited OH radicals [59, 60]. The excited OH* molecules can
lose their excitation energy either by collisional relaxation [61]:
OH ∗ + M ←→ OH + M

(4.1)

,where M is another molecule absorbing energy from OH*, or by emission of a photon:
OH ∗ −→ OH + hν

(4.2)

, the latter being the OH chemiluminescence used in this section. The wavelengths at which
OH∗ emits are well defined, as will be discussed in more details in Section 4.3. Traditionally, the detection of the FLOL is based on single shot imaging (one camera image per
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injection event) using an Intensified Charge Coupled Device (ICCD) camera. The recording frequency is often limited by the maximum frame rate of the ICCD cameras available
(typically a few Hz). Moreover, a relatively long exposure time (O 0.1 ms) is used to obtain
sufficient signal. With such an experimental hardware arrangement, measurement results
are only suitable to detect and analyze the steady FLOL location. Since low-speed ICCD
cameras are available at several institutes within the ECN, the detection of this steady FLOL
is considered to be a basic diagnostic to characterize “Spray A”. From this perspective the
OH∗ diagnostic technique could have been discussed in Chapter 3. However, the availability of new high-speed measurement equipment solved one of the main drawbacks of the
diagnostic technique up to now, the (limiting) low measurement frequency of the camera.
Coupling a high-speed CMOS camera with an appropriate intensifier, with sufficient sensitivity in the UV range, provides the possibility to study time-resolved OH* fluorescence
during single fuel injection events. In this way it becomes possible to extend the technique
towards transient flame behaviour. Which opens a wide range of opportunities to study
spray evolution in detail:
• Time-resolved FLOL behaviour,
• Downstream flame front penetration,
• Ignition detection and early stage flame kernel development, and
• End-of-injection (EOI) behaviour, such as flame quenching and flash-back.
Implementation of the high-speed OH∗ diagnostic technique has been under development
at TU/e. Two individual measurement campaigns were executed to evaluate the potential
and to implement additional improvements. During the first measurement campaign, the
low intensity OH∗ luminosity was intensified with a high-speed relay optic system (LaVision IRO) which was lens-coupled to a high-speed CMOS camera (Phantom V7.3). A
310 ± 10 nm Full Width Half Maximum (FWHM) optical bandpass filter was used for the
experiments in order to capture the light emitted by the OH* molecules and to suppress
background “noise”, primarily caused by soot incandescence. A schematic overview of the
setup is shown in Figure 4.1.

Figure 4.1: Schematic overview of the optical setup used for high-speed OH* FLOL measurements.
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The analysis of the first set of measurements provided promising results in terms of timeresolved information. There was, however, room for improvement with regards to the
signal-to-noise levels obtained. The high-speed camera showed significant ghosting for
multiple frames, beyond limits that are acceptable. This behaviour was further investigated
using a fast pulsed LED in combination with a photodiode detector, see Appendix A.6. It
was concluded that ghosting effects were observable in several successive frames, and the
camera could therefore not be used. It was decided to replace the camera for a new highspeed model with a built-in fibre-coupled intensifier (Lambert High-cam). Furthermore,
intense soot emission was observed in the images obtained, which turned out to be caused
by transmittance at higher wavelengths of the band-pass filter used. A new band-pass filter
was installed, with excellent suppression of the higher wavelengths, but at the expense of
the transmittance level at the OH∗ wavelength of interest (only 20% remained). Finally, one
of the most important conclusions drawn from the first series of experiments was that the
recorded images obtained suffered from internal reflections from the, uncoated and therefore reflective, stainless steel CVP walls. Elastic scattering caused undesired background
intensity levels that made the distinction between low intensity OH∗ signals and “noise”
challenging. The level of internal vessel reflections was significantly decreased by coating
all inner vessel walls with black carbon soot using a heavily sooting non-premixed butane
flame. An overview of the hardware and settings used in both experimental campaigns is
presented in Table 4.1. The impact of the modifications and especially the minimization of
the internal reflections on the obtained un-postprocessed raw images is illustrated in Figure.
4.2

Camera
Frequency
Intensifier Gain
Resolution
Gating
Filter
Injector
Lens

1st series
Phantom V7.3 + IRO intensifier
41
80
0.20
20
310 ±10∗
210679
Nikkor UV 105 mm 4.5

2nd series
Lambert HiCam
15
95
0.21
10
307 ± 10
201001
Nikkor UV 105 mm 4.5

kHz
%
mm/pix
µs
nm

Table 4.1: Used hardware and settings for the high-speed OH∗ measurements during 2 measurement
campaigns. ∗ Filter transmits higher wavelengths as well.

After implementation of all the upgrades for the second campaign, experimental conditions
were again set to “Spray A” including additional injection pressures of 500, 1000 bar (besides the nominal 1500 bar), using long injection durations of 3.5 ms. The long injection
duration was selected in order to be in line with other simultaneously ongoing measurement campaigns within the ECN. Long injection durations can be useful when, for example,
steady FLOL is of interest. However, it is realized that injection durations longer dan 2.0 ms
are typically not found in real world modern HD diesel engine applications. Result images
for the 1500 bar case from the second high-speed OH∗ measurement series are presented in
Figure 4.3, where unprocessed single-exposure images are shown in the left column. Since
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(a)

(b)
Figure 4.2: Unprocessed high-speed OH∗ images, both plotted over a linear scale over their full
intensity range. (a) First measurement series: showing strong reflections, intensifier noise and soot
chemiluminescence. (b) Second measurement series after using the vessel wall coating, and a new
camera with a new band pass filter.

one of the strong points of the CVP setup is the measurement repeatability, it is meaningful to average the individual measurement frames taken at the same time aSOI. Averaging
is done over 7 individual measurements and presented in the right column of Figure 4.3.
resulting in more smooth less turbulent flame structures. The results from the additional
injection pressure measurements can be found in Appendix A.7.
In spite of the differences in cameras used (single shot versus high-speed), it is still possible
to make a direct comparison of the obtained OH∗ measurement data from the other participating ECN institutes: Sandia, IFPEN and CMT. As indicated above, these institutes all
used single-shot ICCD cameras with a relatively long exposure time, resulting in an on chip
averaged image [53, 62]. Such averages can also be distilled from the high-speed image series, by averaging the time-resolved results over the same gating time as the other institutes.
To that end, for the high-speed TU/e experiments, a time-averaged image was generated
from all individual exposures within the steady FLOL phase. The definition of FLOL is
traditionally taken as the distance from the nozzle at which 50% of the maximum intensity
from the “knee” value is reached [18]. To illustrate this, the normalized intensity profile
obtained along the spray axis, based on the averaged TU/e measurements, is presented in
Figure 4.4. The images show the averaged results (Figure 4.4a) for “Spray A” conditions,
and the intensity evolution along the spray axis including standard deviations (Figure 4.4b).
Although the FLOL definition leads to a robust method to compare different measurement
results, it can be argued that it is an arbitrary choice without a true physical meaning. The
FLOL definition will be discussed in more detail in the next (OH-PLIF) section.
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Figure 4.3: Single exposure and averaged time resolved OH∗ results, measured at “Spray A” conditions using a long (3.5 ms) injection duration. Single exposure images are shown in the left column
and 7 shot averaged results at the same time ASOI at the right.

Most comparison data available from other ECN participants, is related to “Spray A” conditions and will therefore be discussed first. It is possible to correct the various obtained
FLOL results with different “Spray A” injectors, for small systematic differences between
individual experiments, knowing the parameter sensitivity relations and the real injector
diameters (see Section 2.4). For example, from [63] it is known that:
F LOL ∝ d0.34

(4.3)

This relation has been used during the 2nd ECN workshop by M.Bardi (CMT) to analyze
FLOL results [28]. A comparison of the results is presented in Table 4.2, to which the
high-speed OH∗ result from TU/e have been added. The lower obtained FLOL from the
first round of experiments performed at TU/e, might be related to the ghosting and internal
reflections. This seems to be confirmed by the FLOL value obtained from the second series
of experiments. It can be concluded that the nozzle diameter corrections do not affect the
spread in measurement results significantly , although it reduces the minimum and maximum FLOL obtained. However, it can be argued that the differences in uncorrected FLOL
values found by the different institutes, which is less than 5% (injector 210679 excluded), is
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Figure 4.4: (a) Time averaged (7 runs at 15 kHz) OH* image at “Spray A” conditions. (b) Time averaged FLOL post-processing method. Showing the FLOL definition based on the 50% max intensity.

already small. Comparison data for different injection pressures is available as well, based
on recent work from the CPF facility at CMT [64]. The comparison is presented in Fig
4.5. from which it can be seen that a similar sensitivity is found for the different injection
pressures. The 1000 bar result from TU/e seems to be higher than expected, compared
to the other measurement results from both institutes, although the number of experimental
conditions available from TU/e is too limited to allow firm conclusions at this point of time.
A large amount of information can be derived from the time-resolved OH∗ data. A convenient way of presenting time-resolved OH∗ data is to create so-called IXT plots, (or more
correct I(x,t)), in which x denotes the axial distance and t the time. In this representation
the intensity is radially integrated:
Z
I(x, t) =

R

I(x, r, t)dr
0

(4.4)

62
Institute
Sandia
IFPEN
CMT
TU/e

injector
210677
210678
210675
210679 (1st series)
201001 (2nd series)

FLOL meas.[mm]
17.2
16.9
17.7
16.5
17.4

FLOL corrected [mm]
17.5
16.6
17.4
16.5
17.2

std-dev [mm]
0.6
0.8
0.4
1.2
0.3

Table 4.2: Overview of the obtained FLOL values at “Spray A” conditions for various injectors and
institutes.

Figure 4.5: Measured FLOL from CMT and TU/e for different injection pressure offsets around
“Spray A” conditions.

This results in a single image representation showing the temporal evolution of the flame, in
which not only the maximum and minimum penetration (flame tip versus FLOL) are easily
observable, but also information regarding OH∗ intensity profiles in x-direction. Post processing of the time resolved OH* images is done by using the same normalized threshold
value definition (50 % “knee” value ), similar to the time averaged FLOL results to maintain a direct comparison for the obtained FLOL values. IXT plots for the different injection
pressure measurements, including flame front contours, are presented in Figure 4.6.
From the presented IXT figures it can be observed that spray penetration increases for the
higher injection pressures, as expected. The steady FLOL period, from which its value decreases for lower injection pressures, is observable. The FLOL settles at a steady location
shortly after ignition untill EOI. Currently, few conclusions can be drawn from the regions
with the highest measured intensity inside the contour lines since the contribution of soot
illumination at the same wavelength as OH∗ is believed (but not verified) to be present here
and needs to be quantified. Further improvements can be made by implementing corrections
for soot illumination at this wavelength. This can, for example, be done by using a band-
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(b)

(d)

Figure 4.6: IXT plots for spray A measurements, using a long injection duration of 3.5 ms and
different injection pressures: 1500 bar (a), 1000 bar (b) and 500 bar (c) Spray-boundary contour plot
for the different injection pressures (d).

pass filter (preferably) with the same specifications in terms of transmittance and FWHM
specifications, that falls right outside the OH∗ emission wavelength. Another interesting
phenomenon, worth to study more in detail in future work, is the EOI flame behaviour
upstream the injector. At the EOI, the upstream flame at the FLOL, rapidly moves downstream and merges with the head of the spray till flame quenching occurs. This process
evolves more rapidly with increasing injection pressure, hence injection velocities, indicated in Figure 4.6d. From the un-processed measurement images, it is observed, that a
small part of the flame tends to travel back towards the injector tip. Since intensities are
low this is not always picked-up by the traditional FLOL definition used for the presented
white contours in IXT images from Figure 4.6. This effect becomes apparent by selecting
a more (still arbitrary) sensitive threshold value of 25 % “knee” directly after EOI, as was
done for the first high-speed OH* measurement series, shown in Figure 4.7. Understanding this behaviour in more detail, e.g. what is causing/enhancing the observed flame flash
back behaviour is of interest and could potentially be related to differences in combustion
efficiency and emission formation.
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(a)
Figure 4.7: Flame flash-back behaviour at EOI, shown by the implementation of a lower OH* intensity detection threshold directly after EOI. Red line: flame tip penetration. Black line FLOL position.
Green line: flame flash-back.

4.3

OH Planar Laser-Induced Fluorescence

Laser-Induced Fluorescence (LIF) is a well established optical diagnostic technique in the
field of combustion research, for both species concentration and temperature measurements.
In this work, the technique is used to visualize the distribution of a specific molecule: the
OH radical. In contrast to the OH∗ measurement from the previous section, which is a line
of sight technique, OH is measured using a planar light sheet excitation, hence the often
used terminology OH Planar LIF (OH-PLIF). Because of the planar implementation, information about the local flame structure can be derived. Moreover, since the thickness and the
location of the plane are well defined, a direct qualitative comparison with CFD is easier to
obtain. Many previous studies in both optical engines and CVP facilities [57, 65, 66] have
been reported, providing the required guidelines for implementation of the OH-PLIF technique in the CVP at TU/e.
The fluorescence technique is based on the detection of spontaneous radiation emission
that follows (electronic) excitation of the molecules of interest by means of laser beam at a
specific wavelength. The electronically excited level is a real energy state, where the excited
OH molecule (indicated with OH∗ ) resides for a short time, before it decays by spontaneous
emission or interaction with its environment. This difference, results in a shift towards a
longer wavelength for the emitted photon. Because of the wavelength shift it is possible to
detect only the fluorescence signal by using an optical bandpass filter in front of the intensified camera. The OH fluorescence process is shown in a so called Jablonski Diagram in
Figure 4.8, indicating the excitation of OH, interaction with its environment, and spontanious emission back to the ground-state. Since the transitions involved in LIF are well known
and characteristic for the structure of molecules, we can be confident to monitor specifically
OH molecules only.
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Figure 4.8: Jablonski diagram indicating the excitation of OH, interaction with its environment, and
spontanious emission back to the ground state.

In this section, PLIF measurements are presented, used to study the location of OH under
“Spray A” conditions. Additionally, the same injection pressure excursions used for the
high-speed OH∗ measurements were studied. Because of the limited laser repetition rate,
only single shot measurements can be performed. The laser timing is synchronized such
that the laser pulse falls within the steady FLOL injection phase, enabling comparison with
low- and high-speed OH∗ measurements. A long injection duration of 5.7 ms is selected
to obtain a direct comparison with data from IFPEN, where OH-PLIF measurements with
identical settings were executed, but with different additional variable offsets around “Spray
A” (O2 and Tamb ). To excite OH, a frequency-doubled dye laser containing Rhodamine 6G
was used, pumped by a frequency-doubled Nd:YAG laser at 532 nm. The maximum output of the dye laser was measured to be 10-13 mJ per pulse, at the wavelength of interest.
This value is fairly low (about 60 %) compared to energies reported in earlier work [65,66].
However, it turned out to be sufficient to obtain the desired OH-PLIF signal. The first step
within the measurement campaign is to determine the wavelengths were OH is excited most
efficiently. An ICCD camera (Princeton Instruments PI-MAX3) was used to record the excitation spectrum of OH in an atmospheric propane Bunsen flame by scanning the dye laser.
Based on this scan, the laser was set to a wavelength of 283.928 nm, corresponding to the
Q1 (9) transition, in the A(v’=1) → X(v“=0) band, visualized in Figure 4.9a. This particular
line, was selected for its high intensity fluorescence signal and its reported insensitvity to
temperature variations [67].
A laser sheet with a thickness of 0.5 mm and a width of 30 mm was formed by using two
cylindrical lenses with focal lengths of 500 and 50 mm. To ensure a proper detection of
the first downstream OH signal in the fuel spray, the laser sheet was aligned such that the
most upstream location where OH was expected (known from the OH∗ measurements) is
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Figure 4.9: (a) Measured and simulated OH spectra. The arrow indicates the Q1 (9) transition. (b)
Simulated OH emission spectra and the transmittance of the bandpass filter used.

inside the high intensity region of the laser sheet. Furthermore, by tuning the laser to a
wavelength of 283.828 nm, so-called off-resonant (no LIF signal) images were captured as
well. Off-resonant images are used to correct the obtained on-resonant images. Fluorescent
was detected using a 315 ± 15 nm band pass filter with a high transmission of about 65%.
The transmission of the optical filter package used and excited OH emission spectrum (as
discussed in section 4.2) are shown in Figure 4.9b. Figure 4.9b also shows the simulated
OH excitation spectrum, based on LIFBASE calculations at ambient. Additional information regarding the used hardware and settings is presented in Table 4.3.
Camera
Gating
Lens
Filter

Princeton Instruments PI-MAX3
50 ns
Bernhard Halle UV f=100 mm f/2
315 ± 15 nm

Table 4.3: Used hardware and settings for OH-PLIF measurements

The on-resonant images are averaged over 10 individual experiments and corrected by subtraction of an off-resonant image, obtained from an average over 5 experiments. Because of
the alignment of the laser sheet close to the injector tip, a strong elastic Mie scattering signal
from the liquid fuel is present. The signal originating from this region is removed during
post-processing, since the LL measurements from Section 3.3 clearly indicate the location
of the liquid region, which is physically separated from the flame front in all experiments
conducted. Finally, all images are spatially filtered, using a median filter with a stencil of
[11,11], in order to excluded intensifier noise.
The obtained results at “Spray A” conditions are first compared with the OH-PLIF results
from IFPEN measured under nominally similar conditions. The used timings in this comparison are identical: 4.7 ms ASOI. The comparison is shown in Figure 4.10a and 4.10b.
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In Figure 4.10a the laser sheet arrives from the top, passing through the axial plane of the
spray which arrives from the left. Figure 4.10b shows the normalized intensity profiles in
vertical direction at an axial distance of 30 mm from the injector tip. Clear similarities can
be observed in Figure 4.10a such as; the location of the FLOL, spray cone angle and flame
front thickness. Moreover, both experiments show comparable attenuation of the laser light.
This attenuation, originates from regions containing PAH and soot [66]. Attenuation effects
can be clearly observed in Figure 4.10b where the normalized intensity profiles at an equal
axial distance are given. Note that the higher IFPEN intensity for the lower flame front is
a result of the selected axial distance right at its maximum intensity location. Differences
are observed as well. The OH-PLIF image from TU/e shows some (low) intensity signal at
the foot of the spray (15-20 mm), as well as at the maximum downstream position (40-45
mm). Both intensities are explained by the longer length of the laser sheet. Finally, although
the number of averaged experiments is equal, the obtained structures from IFPEN are more
smooth, suggesting less fluctuations.
The images presented in Figure 4.10 were not corrected for the distribution of the laser sheet
intensity profile. Since this intensity distribution is easily obtained outside the spray region,
it can be used to correct for the captured OH signal. However, applying such a correction
amplifies camera noise, and the signal captured from other sources at the same wavelength
towards the low intensity edges of the laser sheets, as well. Laser sheet intensity corrections
for all injection pressures employed are presented in Figure 4.11. It should be noted that for
all images presented, the range of the laser sheet intensity is equal to the used Region Of
Interest (ROI) of the camera. The regions outside the ROI have an artificially colored background. It can be observed that, for the lower injection pressures, the intensity increases
downstream at the centerline of the spray. This is possibly (line of sight) soot radiation, as it
can be seen in the OH∗ IXT plots presented in Section 4.2. The fact that the obtained signal
does not show any effects of attenuation, seems to confirm this hypothesis. Future work,
regarding the suppression of soot for high-speed OH∗ measurements (for which a method
was suggested in Section 4.2), and laser sheet alignment towards the head of the spray for
OH-PLIF, should provide more information regarding this topic.
The increasing OH based FLOL as a function of increasing injection pressure becomes apparent from the results presented in Figure 4.11. Up to now, no clear definition for FLOL has
been established for OH-PLIF measurements. A first attempt is made here by implementing the following procedure. First the obtained images are corrected by subtracting overall
background intensity levels. Secondly the OH intensity in the upper part of the fuel spray
images is used (since the bottom suffers from attenuation) to radially integrate the intensity
along the spray axis. Finally, the initial slope of the obtained intensity profiles are linearly
fitted and extrapolated to zero. An example of the FLOL definition method is presented in
Figure 4.12a and the obtained FLOL values for all injection pressures employed are plotted
in Figure 4.12b. Additionally, the earlier obtained OH∗ results are shown as-well, where
both the 50% knee and the 0% extrapolation values are included. From Figure 4.12b it
is concluded that OH-PLIF based FLOL values are often slightly higher compared to the
0% OH* FLOL results and always lower than the 50% method. An interesting observation
is that a very similar sensitivity was found in earlier work [62], were OH* and OH-PLIF
FLOL values were compared at operating conditions close to “Spray A” with a CN42 diesel
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(a)

(b)
Figure 4.10: Direct comparison between the obtained OH-PLIF results from IFPEN and TU/e as
presented at the 3rd ECN workshop. (a) 2D comparison at 4.7 ms ASOI. Profile comparison at an
axial distance of 30 mm. Dark blue line IFPEN and black line TU/e. (b)

reference fuel. From this work a similar FLOL was found for a threshold value of 27% as
it is shown in Appendix A.8. However, the physical meaning of this result is not straight
forward since OH and OH* are both formed in the high-temperature reaction zone having a
longer life-time for the OH radical.

4.4

PIV-based inner spray velocities

The study of air entrainment and mixture formation in (Diesel) fuel jets is of high complexity because of the strong coupling that exists between the contributing mechanisms, such
as fuel evaporation, turbulence, and so forth. Ideally, a coupled quantitative measurement
of several parameters such as flow velocities and mixing characteristics would be required.
These types of measurements are challenging to execute in a direct injection ICE environment, where the high-pressure, high-temperature gradients and the presence of liquid
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Figure 4.11: OH-PLIF results showing the effect of laser intensity corrections. Left column: background corrected only for injection pressures of (top to down) 500, 1000 and 1500 bar respectively.
Right column: dito, also corrected for laser intensity. Laser sheet intensity (and the limits in the field
of view of the camera) are shown on top of each image.

(a)

(b)

Figure 4.12: Definition of FLOL for OH-PLIF measurements. (a) OH-PLIF based FLOL results for
different injection pressures, compared to OH* based results using different FLOL threshold definitions (b).
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droplets make implementation of optical diagnostics extremely complicated. In this section
a Particle Image Velocimetry (PIV) measurement technique is presented, to measure inner
and outer spray velocities quasi-simultaneously. The objective of the PIV measurements,
executed while working at IFPEN, was to identify the dominant processes driving the mixture formation of Diesel fuel jets (mainly under “Spray A” conditions), by characterization
of the velocity field inside and outside the jet.
Measurements are executed by using time-resolved PIV at 10 kHz. Measurement conditions included non-reacting “Spray A” and two variations around it: using an injection
pressure of 1000 bar instead of 1500 bar and a lower ambient density: 15.2 kg/m3 instead
of 22.8 kg/m3 . Zirconium-oxide (ZrO2 ) particles of ≤ 5 µm diameter which corresponds
to small Stokes numbers (the ratio of the characteristic response time of a particle to characteristic flow time) of approximately 0.2 outside and 0.02 inside the spray, were seeded
into the ambient gases before the pre-burn event. The determination of the Stokes numbers can be found in Appendix A.9. The beam of a double-pulsed 532 nm Nd-YAG laser
is formed into a laser sheet by the combination of a spherical and a cylindrical lens, and
intercepts the spray axis in the focal plane of the camera. A Photron SA1 high-speed camera equipped with a Nikkor 50 mm f/1.4 lens is used to collect the Mie scattering of the
particles, looking through the window, perpendicular to the laser sheet. To achieve statistically meaningful results, the velocity fields are averaged over 15 individual injection
measurement events. Both the velocity fields inside and outside the spray are resolved on a
single injection event, although the characteristic speeds differ by approximately one order
of magnitude. The double-pulsed Nd-Yag laser produces closely spaced pulses with a time
interval of 4 µs every 100 µs. Consecutive pulses are used to measure high velocities, while
a skip frame strategy is used to determine low velocities. A schematic of the set-up and the
synchronization diagram is shown in Figure 4.13.

(a)

(b)

Figure 4.13: (a) Schematic overview of the PIV setup. (b) Synchronisation method for camera and
laser timing to obtain quasi-simultaneous inner and outer spray velocities.

From the raw PIV images, the appropriate frames are selected, related to both inner and
outer spray velocities, and post-processed using a commercial software package (Insight
3G). This leads to two individual velocity fields (Figure 4.14 a and b). For both images the
area of interest is only valid for a given velocity range. Combining both images results in a
overal velocity field for both in- and outside the spray, shown in Figure 4.14 c. The interior
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of the spray (white line in Fig. 4.14a and c) is arbitrarily defined as the region in which the
velocities exceed 4 m/s. Note the specific color palette, used to enable proper visualization
of the different velocity ranges, observed in- and outside the spray.

(a)

(b)

(c)
Figure 4.14: Combining PIV results: derived inner (a) and outer (b) spray velocities into a comprehensive velocity field image (c). Courtesy L-M Malbec

Figure 4.15: 1D Spray model variable definitions. Reconstructed from [29]
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The obtained PIV velocity results are compared to a 1D Diesel spray model [29], from
which an overview of the spray model definitions is presented in Figure 4.15. The comparison has been performed at IFPEN by L-M Malbec, and is briefly summarized here for
reasons of completeness. First, the shape of the radial velocity profiles is compared to a
quasi-Gaussian fit, to validate the fundamental hypothesis of the model. From the experimental results, radial velocity profiles are accessible within the spray. The experimental
profile (black line) is fitted with a quasi-Gaussian profile equal to the method used in the 1D
spray model (grey dotted line):
 r α
u
= [1 − ξ α ]2 = [1 −
]2 ,
uc
R

(4.5)

where the radial distance (R) of the spray is defined as:
R = z 0 tan

 
θ
2

(4.6)

This comparison shows that the quasi-Gaussian represents the radial velocity profiles in
Diesel sprays accurately, as expected for a diffusive process. The characterisation of α(x) is
performed for all the parametric variations. From this characterization it is concluded that
α is almost constant, and varies around an average value of 1.62 ± 0.10. This value is close
to the standard value of 1.5 suggested by Musculus in the 1D spray model [29].
The evolution of the velocity fields for varying measurement conditions is compared to
the model results. Fig. 4.16 a and 4.16 b present the axial and radial profiles of the experimental velocities (solid lines), together with the results obtained with the 1D spray model
(dashed lines), for the different boundary conditions tested. It is concluded that the effects
of experimental condition variations on the velocity fields are consistent with previous results from literature. Fig. 4.16a and 4.16b show good agreement between experiments and
the model for all the cases considered, within the uncertainty of the measurements. This
result is remarkable since the input for the 1D spray model only requires the determination
of the spray angle (θ) for one operating condition. Therefore, this result validates the 1D
model and its basic hypotheses that the mixing process and flow dynamics of the spray are
driven by the mass flow rate and momentum exchange, and that the velocity profiles are
quasi-Gaussian.
Results in the region near the injector tip (below 30 mm) are not shown in this comparison
due to the large measurement uncertainty in this near-nozzle region. This degradation of the
measurement uncertainty is caused by several factors. First the density of particles is low
in this region due to the low entrainment rate. The second limitation is that the time delay
between two consecutive images (4 µs) is not adapted to this region of very high (100-600
m/s) velocities close to the nozzle. In a general perspective, these results show that the
global processes of mixture formation are well understood, but that in order to enable fully
predictive simulations, the key is the understanding of the physical processes at the origin
of the spray. This will only be achieved when the relation between internal nozzle flow and
near field spray structure will be well understood, this is considered in the next section.
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(b)

Figure 4.16: Results from PIV spray velocity measurements. (a) Axial velocity axial profiles for
different boundary conditions. Solid lines represent the experimental results, dashed lines the model.
The grey error bars represent the uncertainties resulting from shot-to-shot variations. (b) Radial velocity profiles for different boundary conditions. Solid lines represent the experimental results, dotted
lines the model based on quasi-Gaussian fit. Courtesy L-M Malbec.

4.5

Primary droplet break-up using a phosphorescent dye

Ongoing research activities on atomizing liquid fuel sprays have been addressed several
times throughout this dissertation, for example in Section 3.3 where the DBI technique was
introduced. This particular topic is often indicated as being crucial for CFD model validation. Unfortunately, meaningful quantitative experimental data is challenging to obtain,
particularly in the near field region. The optically dense near field spray region is difficult to
analyze because the dense droplet cloud obscures the view. Experimental optical methods to
visualize evaporating fuel sprays are continuously under development, trying to overcome
the addressed problems.
A comprehensive overview of currently existing methods for spray break-up visualization
has been provided in [68]. One of the addressed methods under development is based on
optical connectivity, published in [69]. In this method, a spray of fluorescent dye is produced, illuminated by a laser beam inside the atomizing device. The light is conducted by
the liquid inside the nozzle and remains visible in the liquid core of the injected fuel jet.
This method has been applied to real world fuel injector nozzles [70]. It also allows to distinguish the spray core from detached droplets. This is possible, since parts of the spray that
have broken off the liquid core (droplets and ligaments) are not illuminated by the laser, and
thus do not show up in the image. However, visualization of both liquid core and droplets,
whilst having the possibility to make a distinction, would be preferred.
For further understanding of spray break-up, tracking the droplets breaking off the liquid
core would be of interest. Therefore, a new technique that relies on phosphorescence (rather
than fluorescence) is investigated. Phosphorescence is a physical process similar to fluores-
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cence, but the radiative transitions the molecules undergo are not ”allowed” according to
the first order quantum mechanical selection rules. This makes it a less efficient process,
resulting in a signal with a significantly longer lifetime (O ms), compared to fluorescence.
After excitation by a pulsed laser, the spray development can then be followed in time, including tracking of the droplets that have broken off the liquid core. This allows studying
of the breakup process as well as the behaviour of the droplets after that. The application
of phosphorescence to spray analysis has been studied before [71], with respect to droplet
velocities. Additionally, these droplets will be distinct from any other droplets in the same
field of view which were not part of the spray during the excitation event, as those droplets
will not emit light. The work presented here is a feasibility study to determine whether this
new technique is suitable for direct injection fuel spray analysis. This study is done in two
ways:
• By exciting the dye inside the nozzle. The entire spray development can be tracked
in time as it emanates from the nozzle.
• By tagging a small parcel of droplets in the spray with a thin laser sheet, immediately
downstream of the nozzle exit. This will allow tracking of a distinct set of droplets
and to compute transversal and lateral dispersion.
The phosphorescent dye is the key element of this method. It is based on europium complexes, soluble in a variety of solutions, including water and n-heptane. A suitable dye for
this purpose has been studied before [72]: Europium complexed with thenoyltrifluoracetone, using trioctylphosphine oxide as a co-ligand (Eu-TTA-TOPO). The development of
the technique is done in close cooperation with the Physics department from TU/e. Experiments are executed in a specially designed setup, described in this section. Setup and
operation principle are presented in Figure 4.17. The pressure required for the injection is
provided by a nitrogen bottle, which can provide pressures of up to 200 bar, regulated by
a reducing valve. The bottom of the fuel tank is connected to the nozzle mount through a
filter of 15 µm pore size. The nozzle mount holds the nozzle from which the spray will
emanate when the shutter valve is opened. To illuminate the spray inside the nozzle, an
optically accessible nozzle mount was designed that allows for different nozzles to be used.
A section of the CAD drawing of this nozzle mount is provided in Figure 4.9. The laser is
guided into the top of the mount, travels through the quartz rod and illuminates a volume
of dye directly in front of the nozzle. TTA efficiently absorbs 355 nm ultraviolet light, and
transfers the energy to the Eu-complex, which phosphorescence at 614 nm. Following the
laser pulse, the jet emanating from the nozzle will be emitting light for the duration of the
phosphorescence lifetime. For this study, a nozzle with a hole diameter of 200 µm was
used. The second approach, tagging droplets, uses the same experimental setup, but instead
of guiding the light into the nozzle, it is focused into a thin sheet and guided perpendicular
to the spray axis into the jet. Using a thin light sheet ensures that only a thin portion of the
spray will be tagged and observed as it travels downstream. The camera used for LaserInduced Phosphorescence (LIP) measurements is a high-speed camera with a lens-coupled
intensifier with a quantum eff. of 50% at 614 nm. (Photron SA-Z and Lambert HiCatt
GaAsP). Since the spray has a very narrow shape, only a small portion of the CMOS chip
is used. By reducing the portion of the sensor used in the experiment, the frame rate can be
increased proportionally up to 140 kHz. Further hardware and setting details can be found
in Table 4.4.

4 Advanced laser diagnostics

75

Quartz
Dye

Laser
10-200 bar

Dye

Air, 1 bar
Laser

Phosphorescent
fluid

Nozzle exit

t1
Air

Tagged volume
Laser sheet

Phosphorescent fluid

(a)

(b)

Figure 4.17: (a) Section of the optical nozzle and the schematic representation of the experimental
setup (b) Schematic representation of the setup used for the tagging experiments. Courtesy D.v.d.Voort

HS Camera
Intensifier
Lens
Frame-rate
Spatial resolution
Exposure time
Laser wavelength

Photron SA-Z
Lambert HiCatt
Sigma Lil macro UV
20-140 kHz
12.4 µm/pixel
300 ns
355 nm

Table 4.4: Used hardware and settings for the phosphorescent dye spray break-up studies.

First measurements with this novel diagnostic technique were performed injecting a waterbased solution into ambient conditions: stagnant air at room temperature and atmospheric
pressure. To minimize any streaking effects, the exposure time was decreased proportionally
to the average jet velocity. The visualization capabilities of LIP become apparent through
the effects that have been observed using the different excitation locations of the laser. The
difference between excitation from within the nozzle and tagging outside is shown in Figure
4.18. Tagging from within reveals the complete liquid core, including droplets that broke
up from the jet, hence presenting an overall picture. The visualized liquid structures are
similar to those observed using the DBI technique from Section 3.3 as a validation method.
Tagging the liquid stream from outside, with a thin laser sheet, enables observation of lateral
and transversal dispersion, since a well-defined parcel of the spray can be traced over time.
This method is currently, to knowledge of the author, the only available option to provide
unique information, obtained by employing the technique for tagging.
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(a)

(b)
Figure 4.18: LIP results at ambient conditions and a 125m/s (50 bar injection pressure) water jet,
using 2 different (internal and external) laser excitation locations methods. (a) Tagging from within
the nozzle visualizing the full liquid jet and droplet break-up. (b) Laser tagging outside the nozzle
enabling droplet dispersion tracing. ∆t=33µs.

With the equipment used and the current state of development of the LIP technique, it
can be concluded that future improvements are possible. For experiments closer to a real
fuel spray, different dye solutions of which the properties match those of real world liquid
fuels need to be used. Preliminary tests, performed by D.v.d. Voort, with n-heptane, ndodecane and ethanol, doped with phosphorescent trackers, were already succesfull in terms
of phosporesence intensity. Another significant improvement toward engine research would
be the application of the method under engine conditions, using a real world injector. The
effect of elevated temperature on the phosphorescence signal needs to be characterized first,
which is currently in progress. Excitation from within the nozzle becomes challenging,
although not impossible, when a conventional injector is used. However, based on the first
results, tagging outside the injector seems to be the preferred technique for now, in order to
study droplet dispersion.
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Rayleigh scattering: inner spray mixture fractions

Understanding the mixture distribution in a fuel spray is vital to improving combustion efficiency and to reduce pollutant formation. Several techniques, all with their own unique
advantages and disadvantages, have been developed to address this need. In this section
the Rayleigh scattering diagnostic technique is introduced, from which the presented results are based on experiments performed at the CVP at Sandia. For quantification of the
fuel-air mixture, it was shown [73] that planar Rayleigh scattering imaging has several advantages compared to the more common LIF imaging, when applied to vaporizing sprays
at high temperature and pressure in a combustion vessel. However, interference from other
elastic-scatter sources must be avoided. One of the significant advantages of implementing
the Rayleigh technique in a CVP is the ability to simultaneously measure the signal from
the ambient gas and the jet. The measurement of the unmixed ambient gas just outside of
the jet serves as a built-in calibration to correct for beam steering and laser sheet intensity
distribution. Since the technique is based on planar measurements, information about the
local structure, and mixture can be derived. Rayleigh scattering of inert mixtures requires
no fuel tracer or quenching corrections, only the Rayleigh scattering cross-sections of the
fuel and ambient gas are required. These cross-sections are well known from literature.
Another advantage is that essential corrections for laser intensity variation can be applied
by referencing the scattering signal outside of the spray. The obtained results for mixture
fractions based on the Rayleigh technique, including “Spray A” conditions, have been compared to the same model [74] used in the spray velocity measurements from Section 4.4.
The presented work here is somewhat out of the scope of this dissertation since no “Spray
A” injector neither “Spray A” conditions were used for the experiments. Instead, an 8 hole
Bosch multi-nozzle gasoline injector was installed. The measurement conditions are related to spark-ignited-direct-injection (SIDI) gasoline engine conditions, using iso-octane
as a gasoline range surrogate fuel. For the spark-guided SIDI engines, that use multi-hole
injectors with the spark plug gap positioned between plumes, this region is highly stratified
and difficult to characterize. Eliminating the poor combustion events seen in SIDI engines
requires extensive knowledge of the engine flow, fuel delivery, and ignition process. Compared to conventional diesel, SIDI conditions are characterized by lower densities. Using
multi-nozzle injectors adds the complexity of plume-to-plume interaction between the different fuel sprays. In particular, quantitative mixing measurements can address whether or
not the intended fuel-air mixture is achieved, and whether this mixing structure is repeatable
from injection to injection. Eliminating the poor combustion events seen in SIDI engines
requires extensive knowledge of the engine flow, fuel delivery, and ignition process. Earlier studies have quantified the nonuniform fuel-air distribution in optical engines [75–77].
However, isolating the spray characteristics responsible for poor or non-combusting events
is complicated by the induced engine flow fields. The current study is designed to study
the spray development only as a function of the injection process, without the effect of incylinder flows, but still at high-temperature and high-pressure conditions consistent with
typical injection and spark timings in an engine. Additional, more comprehensive experimental details have been moved to appendix A.10, since the main aim of this section is to
introduce a measurement approach that provides new opportunities for spray diagnostics.
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The schematic in Figure 4.19 shows a top view of the combustion vessel implemented with
the Rayleigh scattering technique. A frequency-doubled Nd:YAG laser (532 nm) is used
with pulse energy of 150 mJ. The laser beam was formed into a horizontal collimated laser
sheet 30 mm wide and 280 µm thick at the injector centerline plane. The laser beam was
horizontally polarized to produce Rayleigh scattering in the vertical direction (into the page
in Fig. 4.19). The Rayleigh signal was imaged with a thermoelectrically cooled, high quantum efficiency (95 %), back-illuminated CCD camera (Pixis 1024B). Note that the complete
configuration shows large similarities to the PIV setup presented in Figure 4.13a.

Figure 4.19: Schematic of optical setup for Rayleigh scattering. Showing the laser sheet and injector
orientation

Despite the high quantum efficiency of the (non-intensified) camera, obtaining a useful
Rayleigh signal is not a straightforward task. Because Rayleigh scattering is an elastic
scattering technique, the measurements are (extremely) sensitive to:
• Solid particles in the fuel and ambient gas,
• Internal reflections from vessel wall and windows, and
• The presence of liquid droplets in the spray.
The effect of (ultra) small particles in the fuel already cause significant noise levels in the
image obtained. Therefore the presence of small particles needs to be suppressed as much
as possible, but in practice they can’t be excluded completely from the measurement. Fuel
filters, far beyond automotive standards, are added to the fuel system with a porosity of
10 µm. Carbon black soot coating of the vessel walls (similar to the method presented in
Section 4.2) and the usage of specially designed window inserts to enable the laser sheet
to enter and leave the test section through a small quartz slit, are installed with the aim to
minimize internal reflections. A comprehensive description regarding all the implemented
steps to reduce background and elastic scattering “noise” levels is provided in [74].
Because of the sensitivity, it is not possible to obtain Rayleigh scattering measurements
near the LL region. Additionally, for the iso-octane fuel used in combination with the experimental conditions, fuel droplets are found far outside the (Mie scattering derived) LL.
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The assessment of large scatterers in Rayleigh scattering, whether due to liquid droplets
or solid particulates in fuel or ambient, was assessed by varying the ambient temperature,
which alters the vaporization of liquid droplets but is not expected to change particulates.
Figure 4.20 shows a time sequence of raw Rayleigh scattering images of sprays in an environment at 700 and 900 K, at a constant ambient density of 6 kg/m3 , in the left and right
columns, respectively. Note that each image is from a separate injection event. Comparing
the 700 and 900 K injections, it is evident that there are fewer isolated bright spots within
the vapor jet for the higher ambient temperature case. Considering that only the ambient
temperature at the time of injection has been changed to increase vaporization, we conclude
that liquid droplets are the cause for the highest luminosity regions at 700 K. Fuel and ambient particulate contaminants are another possible source of bright spots in the Rayleigh
images. Such artifacts were minimized by filtering the fuel; however, particles only an order
of magnitude larger than molecules (10 nm) can appear as bright spots and are still difficult
to remove by filtering. These are most easily identified as the small bright spots in the 900
K cases due to the lack of liquid droplets. The absence of droplets was confirmed by highly
zoomed DBI measurements executed with a telescopic camera lens, refered as Long Distance Microscope (LDM) imaging [78].
Achieving quantitative Rayleigh scattering measurements requires the Rayleigh cross-section
for each molecule in the (known) ambient gas and fuel vapor mixture, and these are available for iso-octane fuel and the ambient gases, respectively. Refering to Fig. 4.20, the
ambient mixture outside the spray in the laser plane is known, allowing the fuel-air density
ratio to be calculated. The required set of equations to calculate the inner spray temperatures
and equivalence ratio are based on the assumption of adiabatic mixing and are derived in
Appendix A.10. In addition to making the measurements quantitative, the ambient mixture
gave the ability to account for beam steering with row-by-row interpolation of the ambient
signal on either side of the spray. The beam steering correction method used is based on
the one proposed in [73] which was extended by M. Blessinger (University of Wisconsin)
for the experiments presented here. The motivation for this extension is found in the usage
of multi nozzle injectors, since beam-steering effects are encountered passing through each
individual spray plume. The method is illustrated in Figure 4.21, showing from left to right
and top to bottom the raw Rayleigh image, the spray boundary detection, an artificial beam
steering profile and the corrected Rayleigh scattering image.
A brief overview of the obtained results is presented here, to show the potential of the
Rayleigh scattering diagnostic technique. A more comprehensive analysis can be found
in [79]. Figure 4.22 shows two-dimensional φ maps with a false color scale for the measurements performed at 700 K. The images were averaged across the number of repeated experiments (14-18) after the individual images were median filtered using an [11,11] stencil.
Images affected by camera chip charge bleeding, due to excessive droplets, validated with
LDM data, were excluded to prevent corruption of the statistics. The images are cropped
to the size of the laser sheet. Boundary contours from Schlieren vapor penetration measurements (see Section 4.7) are overlaid in Figure 4.22 as a green line in order to compare
the differences between planar and line-ofsight measurements. Provided that the Schlieren
measurement is sufficiently sensitive, it is expected that the planar measurement will have
a smaller width than a line-of-sight (Schlieren) measurement because the planar measure-
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Figure 4.20: Raw Rayleigh-scattering images. Comparison of injections at 700 and 900 K ambient
temperature (6 kg/m3 ), at various times ASOI. Note the lack of droplets (bright spots in the spray) in
the 900 K column.

ments probe between sprays. The φ images show several characteristics for the temporal
evolution of the jet. First, the spray forms a V shape in the first image and fuel rich areas. This is expected considering the initial liquid spray angle and imaging plane between
sprays, but at later times, the spray no longer retains this initial shape. A vapor trail emerges
from the center and becomes more prominent at later timings; this central section often
contained larger droplets (see bright spots). The location of highest φ is observed to shift
over time. In the first two images (1420 and 1720 µs ASOI), the greatest φ is located near
the spray center with a bias toward the upper region. By the third image, the upper region
clearly has a higher concentration of fuel vapor, while in the fourth image the upper and
lower regions show a homogenious distribution of fuel vapor concentration.
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Figure 4.21: Beam steering correction method for Rayleigh scattering adapted to a multi-nozzle spray.
Showing from left to right and top to bottom the raw Rayleigh image, the spray boundary detection, an
artificial beam steering profile and the corrected Rayleigh scattering image. Courtesy M. Blessinger

4.7

Alternate-frame Schlieren and Mie scattering

The latest available (high-end) high-speed cameras and LED light sources can be operated
at repetition rates shorter then required for (most) time-dependent fuel spray phenomena
of interest. This provides new opportunities, since near-simultaneous measurements, using
different light-based diagnostic techniques and only one camera, can now be implemented
in an alternative-frame straddling fashion. In this section, measurements are presented that
were executed at Sandia, using alternative-frame Schlieren and Mie scattering imaging to
achieve near-simultaneous time resolved measurements of the line-of-sight vapor and liquid
phases of the injection. This was achieved by pulsing LED light source for the respective
methods in an alternate fashion, yielding Schlieren imaging for one frame of the high-speed
movie, and Mie scattering for the next. The presented measurements were part of the same
campaign as the Rayleigh scattering from Section 4.6. Therefore, identical hardware and
experimental conditions were used.
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Figure 4.22: Averaged Rayleigh scattering φ (calculated assuming 21% ambient oxygen). The color
scale continuously decreases showing the leaning fuel/air mixture over time. Courtesy M. Blessinger

The Schlieren system employed was a traditional folded Z-type with a 450 nm LED light
source similar to the one used by Sandia in Section 3.2, including a knife edge. The Mie
scattering system used a 520 nm LED for volume illumination of the liquid phase, and a
high-speed CMOS camera recorded the images. In addition to the Mie scattering imaged
along the same path as the Schlieren images, a front view (facing the injector) of the injection process was imaged using an identical Mie scattering lay-out. Front-view and sideview images were recorded simultaneously. Multiple-view Mie scattering enables threedimensional analyses of individual plumes in the sprays of the used multi-nozzle injector.
Quantities such as the 3D pointing direction/vector of a plume and its liquid penetration are
obtained, permitting assessment of the stochastic nature of the injection process and even
hole-to-hole variations. Details about the setup and synchronisation scheme used is presented in Figure 4.23. The processing technique and algorithms are all based on traditional
definitions. The liquid boundaries in both front- and side-views were detected using the Mie
post-processing technique, in which all liquid with intensity greater than 3% of the mean
maximum Mie-scattering intensity for the frame is marked as a liquid boundary [48]. The
post-processing technique for vapour penetration is the same as the one discussed in Section
3.2, extended for multiple sprays.
Figure 4.24 is a composite image of the Schlieren, side-view and front-view Mie scattering raw images, respectively, with their corresponding boundaries overlaid. The times aSOI
are indicated, referenced to the center of the LED pulse. The injector has been oriented
such that only four pairs of individual plumes are seen from the side view (left and center
columns; the eight individual plumes can be seen from the front view in column 3, and are
labeled in the middle image). The three timings chosen represent the three major stages of
the spray development: beginning of injection, middle of injection during the quasi-steady
state, and end of injection corresponding to the SIDI engine conditions presented in appendix A.11.
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(a)

(b)
Figure 4.23: Schematic lay-out of the combined Schlieren and double Mie scattering set-up (a).
Implemented synchronisation strategy for alternative-frame straddling (b).

During the beginning of injection, the plumes appear to be symmetrical and lacking any
biases, which is in agreement with the (measured) hole orientations. The vapor and liquid
boundaries are also essentially coincident since no vapor has formed yet. As the spray develops, a clear amount of vapor is present with the liquid appearing inside the vapor contour
in the second row of images. An axial separation between the vapor and liquid boundaries
indicates that the spray is reaching a maximum liquid penetration length even though injection continues. Individual liquid plumes are still discernible, but vapor is found between
plumes somewhere along the Schlieren line of sight. The spray still appears to be generally
symmetrical, with slightly longer liquid lengths in the left-hand sprays when looking at the
front-view Mie scattering. The end of injection timing shows a large vapor envelope with
a liquid core still persisting as the injector closes. The side-view Mie scattering images
show the liquid retreating to the injector in a single mass; the individual plumes are barely
discernible. The front-view Mie scattering shows interesting injector asymmetry between
plumes during the injection ramp down. Plumes 2 and 3 merge together, indicating a strong
plume-to-plume interaction at the end of injection while the Plumes 6 and 7 retain their
shape. This hole/valve closing behavior with an early merging of Plumes 2 and 3 turns out
to be reproducable from injection to injection.
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Figure 4.24: Images of Schlieren (left), side-view (middle) and front-view (right) Mie-scattering at
the beginning, middle and end of fuel injection for a single injection event. Times are referenced
after start of injection. Injector hole numbers are indicated on the middle timing of the front-view
Mie-scatter imaging.

4.8

Conclusions

In this chapter a wide range of advanced optical diagnostic techniques was presented, implemented while working at the different combustion research labs from: IFPEN, Sandia and
TU/e. The PIV and Rayleigh scattering diagnostic techniques have already been applied
at “Spray A” conditions [28], providing unique information regarding time resolved fuel
spray velocities and mixture fractions. The alternating frame straddling technique shows
the potential of modern LED light sources, which permitts simultanious implementation of
different optical measurement techniques in an robust and (compared to laser based diagnostic techniques) in-expensive way. Moreover, the LED devices used, operate at exposure
times significantly shorter than minimum shutter time of high-speed cameras available. Finally the presented LIP technique, implemented at TU/e, is still in a very early stage of
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development. Nevertheless, because of the unique information that can be derived from
tracking a well defined group of liquid droplets during the break-up process over the long
life-time of the phosporescent dye, this technique has the potential to improve understanding of primary droplet break-up processes, using relevant surogate fuels and (engine like)
ambient conditions.
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5.1

Conclusions

It is foreseen that the usage of liquid and gaseous fuels will continue to play a key role in future transportation for at least the upcoming 20 years. The major challenge society is facing
today is mitigation of the impact the increase in energy usage has on our local and global
environment. However, it is challenging to make strategic engine and fuel design changes
when the engine technology, fuel composition, and combustion strategy are all simultaneously changing. To meet future emission legislation targets in an economically viable and
systematic way, a more fundamental understanding of the underlying physical and chemical
processes that take place in internal combustion engines is needed. Diesel (surrogate) fuel
spray experimentation at elevated temperature and pressure conditions executed in optically
accessible setups is suitable to provide a more fundamental understanding of spray combustion than can be achieved in traditional engine experiments. This level of understanding is
needed to develop advanced CFD models that will be used to optimize future engine designs
aiming for higher efficiency and low engine-out emissions.
There are various types of spray chamber facilities around the world suitable to run experiments at high-temperature and high-pressure conditions, but the combustion research
community has not reached a full consensus on how to use or understand their experimental results. These uncertainties need to be clarified because modelers cannot compare and
match experimental data as long as fundamental differences between facilities are not well
investigated. This observation of scientific shortcomings and the possibility to solve this by
having different institutes cooperate closely in a structured manner led to the start of the
Engine Combustion Network (ECN). The ultimate goal of the ECN is to provide quantitative data-sets of well defined combustion processes needed for a one-to-one comparison
with predictive CFD models. In 2011, the TU/e joined the ECN, with the focus on Spray
A conditions. This provided the opportunity to validate the relatively new Constant Volume
Preburn (CVP) setup at TU/e with reputable combustion research institutes. Moreover, it
is the ambition of TU/e to contribute within ECN, to improve our current understanding
of diesel fuel spray combustion, by implementing new advanced (optical) diagnostic techniques, from which several examples are presented in this dissertation. During the doctoral
work of the author, the combustion labs from IFPEN and Sandia were visited to assist ongoing measurement campaigns and to obtain the required knowledge to achieve the goals
described.
A large advantage of CVP facilities is the possibility to run repeatable experiments under well-defined conditions. However, achieving and controlling specific steady boundary
conditions is not straightforward. The boundary conditions fuel pressure, fuel temperature,
ambient temperature, ambient composition, ambient velocities and specific injector details
were all studied in detail since they will dominate the accuracy and usability of the spray
measurements. Measurements were performed during the preburn and cool down period
to obtain the overall temperature distribution in the CVP upon spray injection. Measurements close to the injector tip clearly show the decrease in ambient gas temperature and
the existence of a (50 K)lower temperature boundary layer. Moreover, a “core” region of
uniform temperature (± 1 %) exists in the center of the chamber, which is the motivation
to have injector located in a horizontal mounting position in one of the side ports in order
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to have the fuel spray pass through the more homogeneous central section of the vessel.
Vertical stratification in temperature (4 %) could cause systematic combustion asymmetries
(e.g., ignition site, or lift-off length), especially when multi-nozzle injectors are of interest.
Velocities induced by the mixing fan are assumed to be small in comparison to that of the
spray, producing a near-quiescent environment for mixing with the spray. PIV diagnostics
was applied to analyse these velocity fields and the influence of the internal mixing fan.
Measured gas velocities were near-quiescent (1 m/s) when the fan is turned off just before
the pre-burn event. This velocity increases to (5 m/s) when the fan is activated continuously,
as it is used in normal CVP operation, which is still low compared to typicall spray velocities (O 100 m/s).
In spite of their identical specifications, characterization of the individual injectors is necessary because of production spread and aging. Understanding injector-specific details helps
understanding observed differences between experimental results. All of the nozzles were
characterized in terms of injector geometry and mass flow rates, using a wide range of different techniques, implemented at the various institutes. At TU/e injector nozzle Scanning
Electron Microscope (SEM) images were made to analyze the real nozzle diameter and to
study aging effects of different batches of ECN “Spray A” injectors. An important observation is that nozzle aging effect has a severe impact on the inner nozzle surface roughness,
more than the dispersion caused by production. The nozzle exit holes, in line with the earlier
analyzed original ECN injectors, were all slightly elliptical. Based on these observations,
the mounting orientation of the injector is prescribed.
Fuel temperature will have an impact on the mixing and combustion processes, and is one
of the main input variables for Computational Fluid Dynamics (CFD models). Therefore,
the fuel temperature needs to be controlled. The amount of fuel required to perform a single
injection, is entirely located inside the injector sac volume. For this purpose, a dummy injector equipped with a fast-response thermocouple inside the sac volume was used. Knowing
this temperature, it became possible to regulate it to a target value. This was improved even
more by the use of a ceramic shield, limiting the temperature rise of the nozzle due to the
preburn used in CVP.
Well-defined standardized spray diagnostics were executed to reveal measurement uncertainties and repeatability. Basic spray variables, being liquid- and vapour-phase penetration
and ignition delay are compared, not only by using similar experimental setups and optical diagnostic techniques but also by standardized post-processing methodologies. In this
way the spray and combustion characteristics of constant Pressure Flow (CPF) and CVP
are directly compared for the first time. It was concluded that within the experimental uncertainties, the various data sets largely agree with each other. Additionally, off-sets could
often, but not always, be explained by the differences in nozzle diameter in combination
with their sensitivities on the spray variable of interest known from literature. After concluding that the standardized experiments provided comparable results, additional (unique)
experiments were executed by the various participating institutes within their own field of
expertise. Additionally, excursions around the prescribed “Spray A” conditions are added
to the test matrix to provide information regarding parameter sensitivity.
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The availability of new high-speed imaging equipment solved one of the main drawbacks
of the traditionally time-averaged OH* diagnostic technique; the (limiting) measurement
frequency of the camera. After optimization of the high-speed OH* measurement technique, results were compared with time-averaged Flame Lift-Off Length (FLOL) images
from other institutes; IFPEN, CMT, Sandia, revealing a very good consistency between the
facilities at spray A baseline conditions. The high-speed OH* measurements revealed unsteady EOI flame behaviour upstream the injector, which is a possible cause for incomplete
combustion and emission formation.
Planar Laser Induced Fluorescence (PLIF) was used to visualize the distribution of OH.
Because of the planar implementation, information about the local flame structure could be
derived. Moreover, since the thickness and the location of the measurement plane were well
defined, a direct qualitative comparison with CFD is easier to obtain. The obtained results
were compared with the OH-PLIF results from IFPEN measured at identical conditions,
from which clear similarities were noticed in terms of FLOL, spray cone angle and flame
front thickness. Additionally, different injection pressures were selected around the nominal
Spray A value. From the results presented the increasing FLOL as a function of increasing
injection pressure becomes apparent. The FLOL extracted from OH-PLIF measurements
fall in-between the OH* derived values using the traditional and proposed threshold definition value which is in-line with earlier published results.
With high-speed Particle Image Velocimetry (PIV), it is possible to obtain both the velocity fields inside and surrounding the spray in a single injection event. Consecutive pulses
in combination with a skipped frame strategy were used to measure these inner and outer
spray velocities simultaniously. Results were compared to the Musculus 1D spray model,
showing good agreement for all the cases considered, within the uncertainty of the measurements. This result validates the 1D model and its basic hypotheses that the mixing process
and flow dynamics of the spray are driven by the mass flow rate and momentum exchange,
and that the velocity and mixture fraction profiles are quasi-Gaussian.
For further understanding of spray break-up, tracking the droplets breaking off the liquid
core is of interest. Therefore, a new technique that relies on phosphorescence was investigated which is still in an early stage of development. After excitation by a pulsed laser,
the spray development could be followed in time, including tracking of the droplets that
have broken off the liquid core. Because of the unique information that can be derived
from tracking a well-defined group of liquid droplets during the break-up process over the
long life-time of the phosphorescent dye, it is believed that this technique has potential to
improve our understanding of primary spray break-up processes, using relevant surrogate
fuels and (engine-like) ambient conditions.
For quantification of the fuel-air mixture, planar Rayleigh scattering imaging measurements
were executed. Special attention was paid to minimize interference from other elasticscatter sources. In this work, multi-nozzle injectors were used, adding the complexity of
plume-to-plume interaction between the different fuel sprays. Eliminating the poor combustion events seen in SIDI engines requires extensive knowledge of the engine flow, fuel
delivery, and ignition process. The presented work was executed to study spray develop-
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ment only as a function of the injection process, without the effect of in-cylinder flows, but
still at high-temperature and high-pressure conditions consistent with typical injection and
spark timings in an engine.
The presented alternating frame straddling technique shows the potential of modern Light
Emitting Diode (LED) light sources, which permits the combination of different optical
measurement techniques in a robust and (compared to laser-based diagnostic techniques)
inexpensive way, operating at exposure times significantly shorter than shutter times of
high-speed cameras available. In this case a combined Schlieren and Mie-scattering configuration was implemented but many other combinations are possible as well.

5.2

Suggestions for future work

As it was shown in this dissertation, the field of experimental fuel spray research includes
many different aspects starting from facility operation, development of diagnostic techniques, to the interpretation of obtained experimental results. Many different paths can
be explored in future research work, but for reasons of briefness, only the ones directly related to the improvement of the setup at TU/e, the ECN, and the desired coupling towards
real world engines are discussed here.
In general it can be stated that work related to understanding and controlling experimental boundary conditions can always be improved. Gas temperature characterization in the
complete volume, with a focus on near nozzle effects and vertical stratification should be
further investigated for the CVP at TU/e. It is suggested not only to apply the presented
thermocouple approach, but to consider (non-intrusive) optical diagnostics as well. The ambient gas composition, including minor species, at the moment of fuel injection, needs to be
characterized in more detail since it is expected to have an impact on variables such as autoignition delay. The influence of the high-pressure fuel pump fluctuations on the fuel spray
is not well characterized yet. Attempts should be made to minimize pressure differences,
for example by using a larger common-rail volume or (thinking the other way around) to
study the effect of pressure pulsations as seen in real world engine hardware.
The need to understand internal nozzle flow and geometry and its connection to the nearfield spray development is a topic which is under investigation within the ECN but still
has many open questions that need to be addressed. the development of the Laser-Induced
Phosphorescence (LIP) diagnostic technique including surrogate fuels and engine relevant
conditions potentially provides a more profound understanding in this particular field of research.
Possible improvements for the high-speed OH* technique have already been discussed in
Section 4.2: implementation of soot illumination corrections at the OH* wavelength. This
can, for example, be done by using a bandpass filter (preferably) with the same specifications in terms of transmittance and FWHM specifications, that falls right outside the OH∗
emission wavelength. Another interesting phenomenon, worth to study more in detail in
future work, is the EOI flame behaviour upstream the injector. Up to now, only minor dif-
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ferences have been found in LL and FLOL values among the different ECN participants.
Apparently, the known differences in injectors and boundary condition uncertainties, are of
minor importance at Spray A conditions. However, this might be an artifact of the chosen
Spray A conditions where a clear separation (in space) exists between the LL and FLOL location. Offsets in ambient conditions and/or large-nozzle injectors are of interest to create
LL values larger then the FLOL.
Quantitative comparisons between experiments and CFD have been discussed multiple times
throughout this work. Often experimental work is implemented towards this need, but this
is not always possible. Perhaps it might be more fruit-full to think the other way around,
which means, process CFD results towards experimental results. For example; focused
shadowgraphy, DBI (including beam steering effects) and line off sight diagnostics are all
possible to obtain numerically but not used within the ECN.
The last set of recommendations is related to making a more direct link to real engine
applications, without losing the accuracy of the known boundary conditions and to maintain the lack of “disturbances” as found in optical engine setups. Different publications
are available related to fuel-spray / wall interaction. This is an interesting field to explore
more in detail because of the impact on emission formation and burn rates, hence engine
efficiency. The effect of the large vessel volume compared to the conditions at TDC in a
modern diesel engine, and with it possible differences in ambient fuel spray interactions, is
of interest since it might show similar effects on emissions and burn rates. An example of
multi-nozzle injector experiments was presented in this dissertation, adding the complexity of plume-to-plume interaction between the different fuel sprays. This interaction might
have severe implications on fuel spray combustion but also adds complexity to CFD models. A step-wise approach, for example by implementing a dual fuel spray injector or an
asymmetrical 3 nozzle configuration can provide more insight in the processes involved.
In modern diesel engines, multiple injection strategies are employed to improve efficiency
and to reduce emissions and engine noise. However, many question regarding the physical
mechanisms behind the transient effects still exist. The CVP facility is an excellent platform to address multi-pulse related research questions and to validate results obtained with
CFD models. Last, but certainly not least, experimental work regarding multi-component
surrogate fuels is of upmost interest. A surrogate fuel, sophisticated enough to capture real
world fuel effects in terms of combustion phasing and emission formation, but still simple
enough to be applicable in CFD would represent a major step forward in the presented new
approach on engine combustion research.
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A.2

Preburn reactants selection procedure

This Appendix describdes the gas selection procedure of the TU/e CVP in more detail. The
value of the inner vessel volume gas density simply reads:
n
P

ρ=

mi,u

i=1

(A.1)

Vchamber

Assuming complete combustion and starting from the global reaction equation, results in
the following equation to define the oxygen volume fraction after pre-combustion:

XO2 ,b =

sCO2 mf,u
MCO2

+

mO2 ,u −sO2 mf,u
MO2
sH2 O mf,u
mO2 ,u −sO2 mf,u
+
MH2 O
MO2

+

mN2
MN2

+

mAr
MAr

(A.2)

The internal energy balance for complete constant volume combustion of a gas without heat
losses is used to define the theoretical maximum peak temperature. The energy balance
written in terms of the input masses reads:
0 = [uf (Tu ) − sCO2 uCO2 (Tb ) − sH2 O uH2 O (Tb ) + sO2 uO2 (Tb )]mf,u +
[uO2 (Tu ) − uO2 (Tb )]mO2 ,u +
[uN2 (Tu ) − uN2 (Tb )]mN2 ,u +
[uAr (Tu ) − uAr (Tb )]mAr,u
In which Tu equals the combustion chamber wall temperature (453 K).

(A.3)
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Finally the specific heat capacity of the gas mixture after pre-combustion needs to be defined. The desired value is readily obtained when the reference mixture is specified. The
mass based equation to tune the specific heat reads:

n
X

mi,u cp,ref (Tinj ) =

i=1

mf,u [sCO2 cp,CO2 (Tinj ) + sH2 O cp,H2 O (Tinj ) − sO2 cp,O2 (Tinj )]+
mO2 ,u cp,O2 (Tinj ) + mN2 ,u cp,N2 (Tinj ) + mAr,u cp,Ar (Tinj )

(A.4)
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A.3

Fine-wire thermocouple probe

This Appendix provides more details regarding the 50 µm platinum/platinum-rhodium (typeR) thermocouple probe, used for the time resolved temperature distribution measurements
inside the CVP setups from both TU/e and Sandia. Five thermocouple probes are mounted
on a rotational and traversable shaft, allowing for spatially-resolved temperature measurements within the volume in front of the injector. Details regarding the TC used at IFPEN
can be found in [21]

Figure A.1: Schematic of adjustable probe with five fine-wire, type-R thermocouples.

Errors due to conduction heat exchange between wire and prongs can be neglected when
the prong separation length, l, is:
√
l > 10 ατ

(A.5)

Evaluation of these properties gives a value of 7 mm for right-hand-side term, which is
shorter than the prong separation distance. Therefore, conduction errors can be neglected
for this thermocouple design.

A Appendices

A.4

99

LIP nozzle temperature measurements

IFPEN used laser-induced phosphorescence (LIP) to measure the time-resolved nozzle tip
temperature optically. In this technique, a very thin phosphor layer is laid on the injector tip.
Because of its thinness, this layer is supposed to be at the same temperature as the nozzle
tip surface. The phosphor layer is excited by a laser beam (266 nm), and thus emits light
that is collected by a photomultiplier. The decay time of the light emission depends upon
temperature. An interpolation of the obtained signal allows determination of this decay time
and thus the temperature of the nozzle tip.
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raw data
exponential fit

4
3
2
1
0
0

1
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3

time [s]

(a)

(b)

Figure A.2: LIP measurement diagnostics layout to measure the injector tip temperature and obtained
signal.

100

A.5

Focused shadowgraphy related derivations

For gases the relationship between the refractive index and gas density ρ is:
n − 1 = kρ

(A.6)

Where k is the Gladstone-Dale coefficent. The refractive index of common gases only
varies in the third or fourt decimal place & n is only weakly dependent upon ρ (in contrast to solids and liquids). The refractivity (n − 1) of a gas depends upon composition,
temperature, density (which are related by the real gas law) and wavelength illumination.
Concluding: optical inhomogeneities refract or bend light rays in proportion to their gradients of refractive index. Light slows upon ineracting with matter. the refractive index of a
transparent medium indicates this change.
c0
,
(A.7)
c
where c is the light speed in the medium, c0 the universal speed limit of light in vacuum:
3x108 m/s. The resulting ray curvature is given by:
n=

d2 x
1 dn
=
,
dz 2
n dx

(A.8)

d2 y
1 dn
=
.
dz 2
n dy

(A.9)

where z is the ”normal” direction, and

Intergrating once, the components of the angular ray deflection ε in the x- and y directions
are:
εx =

1 δn
δz
n δx

(A.10)

εy =

1 δn
δz
n δy

(A.11)

Some important conclusions that can be drawn:
• full knowledge of an inhomogenious region doesn not follow from a knowledge of
the various ray deflections after having passed through.
• the gradients dn/dx and dn/dy cause the refraction, not the overall level of n.
• Light rays are bent towarts region of higher n, thus higher ρ
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Characterization of camera ghosting effects

This Appendix provides more details regar ding the observed camera ghosting effect using
the Phantom V7.3. The camera software registers the intensity in counts. This makes it possible to quantify the ghosting effect. By measuring the number of counts in the same spot,
the intensity can be measured over time. Figure A.4 shows a graph that clearly demonstrates
the effect: a sharp drop after the LED is shut off, then a slow decay over time. Here, the
LED pulsed at 100Hz, the camera exposure time was 10µs and the camera framerate was
10 kHz. Several different voltages meaning several different LED intensities are plotted.
This shows the interesting effect that the ghosting effect seems unrelated to the initial intensity; all of the lines drop to a similar level from where they follow roughly the same decay
pattern.

(a)
Figure A.3: Ghosting effect on images of a pulsed LED.

Figure A.4 gives the impression that the problem is time dependent, since the intensity
decays over time. However, when the same measurement is taken at different recording
frequencies, it turns out that it is not directly dependent on time but rather on the amount
of samples. This can be observed in Figure A.5. Here the measured intensity of the LED is
plotted against the number of image samples, for different sampling rates. Great coherence
can be observed. This means that either the hardware or the software requires taking a
certain number of images in order to clear the memory.
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(a)
Figure A.4: Light intensity vs. time, pulse frequency 100 Hz, exposure time 10µs, camera framerate
10 kHz.

(a)
Figure A.5: Light intensity vs. time, pulse frequency 100 Hz, exposure time 10µs, camera framerate
10 kHz.
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High speed OH∗ measurement results for differen injection pressures

This Appendix presents additional OH∗ measurements for the different injection pressure
off-sets (500 and 100 bar) around the nominal Spray A value: 1500 bar.
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Figure A.6: Single exposure and time averaged results at 500 bar injection pressure.

100

104

500 µs

500 µs

1500 µs

1500 µs

2500 µs

2500 µs

3500 µs

3500 µs

0

20
40
60
80
Axial position [mm]
(a)

0

20
40
60
80
Axial position [mm]
(b)

Figure A.7: Single exposure and time averaged results at 1000 bar injection pressure.
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The following results are based on the “on-chip” averaging method by averaging the obtained high-speed images over the stead FLOL period.
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Figure A.8: Time averaged high-speed OH* results for 500, 1000, and 1500 bar injection pressure
respectively.
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A.8

Comparison of OH* and OH-PLIF derived FLOL

Figure A.9: Sensitivity of the lift-off length on the upswirl (laser-sheet input) side of the jet, calculated
by the image processing schemes, ensemble averaged over 240 images, to the intensity threshold for
CN42 at the nominal 900 K, 22.4 kg/m3 TDC condition with the 3-hole injector cup. Picture taken
from [62]
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PIV experiments: Stokes number

This Appendix provides the derivation of the Stokes numbers based on the used 5 µm ceramic particles at IFPEN. The analysis is taken fron [80]. The Stokes number is defined
as the ratio between the characteristic time for a particle to reach the flow speed, over the
characteristic time of the flow. In general, it can be stated that, for Stk  1, the particles
follow fluid streamlines closely. moreover, if Stk  0.1, tracing accuracy errors are below
1 % [60].
The particules used are assumed to have speherical shape. The force Fd on a sphere is
calculated as:
1
(A.12)
Fd = cd ρa U 2 πd2p ,
8
where Cd is the drag coefficient, ρa the ambient gas density outside the particle, U the the
relative velocity , and dp the particle diameter. The value of Cd depends on the Reynolds
number Re from which values are well known in literature:
Re =

ρ a U dp
≈ 3.
µg

(A.13)

The velocities outside the jet are known to be around 1 m/s. The dynamic viscosity (µg ) of
the gas at 800 K equals 3.63 10−5 . Pa.s. The movement of a sphere inside a velocity field
can now be defined as:
1
4 d3p dv
Fd = cd ρa U 2 πd2p = ρp π
,
8
3 8 dt

(A.14)

with ρp the density of the particle, which equals 5.7 103 kg/m3 . Rewriting Eq. A.14 results
in:
dv
3 ρa U 2
= cd
dt
4 ρp dp

(A.15)

From Eq. A.15 the characteristic time constant (τm ) is provided as:
τm =

1 4 ρp dp
Cd 3 ρa U

(A.16)

The relation between Re and Cd of a spehere is known from literature as:
24
Re

(A.17)

ρp d2p
= 2 10−4 [s]
18µa

(A.18)

Cd =
Rewriting Eq. A.16 gives:
τm =

108
The flow characteristic time is defined as the time required for it to reach steady state,
which is assumed to be (1 m/s). This results in a characteristic time for the flow of τe =
10−3 . Hence, the Stokes number reads:
St =

τm
= 0.2  1
τe

(A.19)
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Rayleigh scattering derived temperature and equivalence ratio

As the ambient gases surrounding the jet consist of known composition, Rayleigh crosssections (see Table A.1) ,temperature and pressure, the Rayleigh signal from the unmixed
ambient can be written as [73]:
IR,a = ηl Na,o σa

(A.20)

where η is the signal collection efficiency, Il is the laser intensity, Na,o is the number density
of the ambient (outside the jet) and σa is the mole-fraction-weighted Rayleigh cross-section
of the ambient. In the vapor region of the jet, the Rayleigh signal is generated by the same
laser beam and from a binary mixture of the ambient and fuel vapor:
Nmix = Na + Nf .

(A.21)

Note that Na is not the same as Na,o . In the jet region the scattered intensity is:
IR,j = ηIl Nmix (Xf σf + Xa σa ) .

(A.22)

As Xa + Xf =1 and according to the ideal gas law:
Ta
Nmix
=
.
Na,o
Tmix

(A.23)

Ta is the ambient temperature outside the jet and Tmix is the temperature of the fuel-ambient
mixture, dividing Eq. A.22 by Eq. A.20 yields:
!
σf
Na
IR,j
Ta
σa + Nf
=
(A.24)
N
a
IR,a
Tmix
1+ N
f

By assuming adiabatic mixing between the ambient and liquid fuel at known thermodynamic conditions, application of conservation of energy shows that Tmix = f (Na / Nf ) [81].
Therefore, one may solve for Na /Nf by utilizing this functional dependence for Tmix in
Eq. A.24 and measuring the Rayleigh signal from the jet and ambient. Converting between
fuel-ambient number ratio Na /Nf and mass ratio F /A using molecular weight, one arrives
at the fuel mass fraction or mixture fraction Z. The F /A can be converted to an effective
equivalence ratio φ using the stoichiometric F /A ratio for the fuel and ambient:
φ=

Parameter
σi × 10−27
χi

N2
5.23
89.71

Na
Nf st
Na
Nf

CO2
12.02
6.52

(A.25)

H2 O
3.66
3.77

Iso-octane
397
0.00

Table A.1: Total Rayleigh cross section, σ, at standard conditions for temperature and pressure (STP)
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A.11

SIDI-gasoline injector details and operating conditions

(a)

(b)

(c)
Figure A.10: (a) Injector characteristics and a sketch of SIDI injector hole labeled with parameters.
(b) Combustion vessel ambient conditions to match engine conditions. (c) Relevant injector hole
characteristics.
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