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CHAPTER 1 

Introduction: laser diagnostics in diesel engines 

1.1 Introduction 

Diesel engines arguably power the majority ot road transportation vehicles The prognosis for 
their future use is that these engines will remain to be used for a long time in the heavy-duty 
transport business, because they are powerful engines that are the only senous alternative for 
heavy-duty work As such, their impact both on economy and on the environment can hardly 
be underestimated In many countnes, legislation seeks to strike a balance between the 
demands for increased capacity and for reducing adverse effects on the environment The 
various constituents present in the exhaust gases contribute to the waste of our natural 
surroundings To this end, emission regulations are imposed that, more or less in pace with 
expected technological advances, become more stringent every few years [11 Up to the 
present, engine manufacturers can meet these ever more stringent legislative requirements In 
the future, reduction of the polluting exhaust gases might be performed after the gases have 
left the engine, so-called catalyst after-treatment in the exhaust pipe and/or by adapting the 
engine and the operating conditions in such a way that less harmful constituents will be 
emitted The lack of detailed, fundamental knowledge about the diesel combustion process 
itself becomes ever more evident Of course, this scantiness of basic knowledge is for a large 
part due to the extreme complexity of (multi-component) diesel fuel combustion, which 
typically takes place under conditions hardly amenable to experimental analysis If the option 
to adapt the engine construction and/or the conditions under which the engine runs is chosen, 
the formation of the polluting molecules has to be studied in the combustion chamber itself 
The proper way to reach this goal is by using laser diagnostic techniques in order to minimize 
perturbation of the combustion process Hereto, the engine combustion chamber has to be 
made optically accessible in such a way that realistic operation conditions can be achieved 

1.2 The principle of a diesel engine 

The era of diesel engines started with Rudolf Diesel (1858-1913) who invented a new kind of 
engine based on auto-igniting kerosene at high pressures The first engines were four-stroke 
engines (see figure 12 1) During the first stroke, the inlet stroke, the piston moves 
downwards with opened inlet ports sucking ambient air into the combustion chamber The 
second stroke is the compression stroke the inlet port is closed and the piston moves 
upwards, diesel injection starts causing auto-ignition The liquid diesel is injected under high 
pressure into the combustion chamber, evaporates in the hot air and ignites The time interval 
between the start of injection and auto-ignition is called the ignition delay and is dependent on 
the start of injection, the fuel celane number, the temperature, the amount of mixing of the air 
with the fuel and the compression pressure A large amount of gases combusts in such a short 
time in which the piston hardly moves, so that a lot of heat is produced resulting in a pressure 
increase The next stroke, the third stroke, is the expansion stroke The energy released from 
the fuel combustion (the pressure increase) is converted into mechanical energy by the 
downward acceleration of the piston, which is used for vehicle translation The combustion of 
the diesel that is injected during the ignition delay is called the not-controlled combustion 
The rest of the fuel combusts while it is injected and is therefore called the controlled 
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combustion. During the fourth stroke, the exhaust stroke, the piston moves upwards again 
with opened outlet ports removing the combustion gases. After this fourth stroke the cycle 
starts again with the first stroke. Two revolutions of the crank shaft are needed for a complete 
engine cycle. 
In later years, two-stroke engines were invented. The entire process, as described above, takes 
place within two strokes. Only one revolution of the crank shaft is needed by using the space 
of the crank case below the piston for the inlet of the air. If the piston moves in the downward 
direction during the expansion stroke and most chemical energy is converted into mechanical 
energy, the outlet and inlet ports in the combustion chamber open. Fresh air is sucked into the 
combustion chamber through the scavenging port, connecting the crank case volume and the 
combustion chamber volume, and meanwhile removing the combustion rest gases from the 
combustion chamber. When the piston moves upwards, the ports close, fuel injection starts 
and the entire process starts over again. For more detailed information about diesel engines 
see Hey wood [2]. 
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Figure J.2.1: Schematic representation of the four-stroke diesel engine. 

Various Nitric Oxide (NO) formation mechanisms exist that might correspond to various 
stages of combustion [3]: the thermal (Zeldovich) mechanism is sufficiently fast in forming 
NO at high temperatures (above about 2000 K), whereas the prompt NO (Fenimore) 
mechanism works well under fuel rich conditions at relatively low temperatures (already at 
about 1000 K). Thus far, the relative importance of the various NO formation mechanisms in 
diesel engines is not yet clear. The development of laser diagnostics to visualize NO at 
different stages of the combustion process is of crucial importance to obtain more evidence 
about these processes. 
The objective of the present work is to assess the NO formation at specific locations within 
the combustion chamber of a regular, heavy-duty four-stroke DAF diesel engine under 
operating conditions as realistic as possible. The DAF truck engine and its modifications in 
order to obtain optical access are described in detail in chapter 2. The results of measurements 
performed on NO in the DAF engine are given in chapter 7 as a function of engine load and 

Î 
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crank angle Not only are measurements performed on NO in the four-stroke DAF engine but 
also in a single-cylinder two-stroke engine These measurements will be discussed in chapter 
4 Quantification of the results is a main subject of discussion 

1.3 The application of laser diagnostic techniques in combustion engines 

The application of laser diagnostic techniques is the most appropriate way to non-intrusively 
study the presence of molecules in engine combustion chambers Not only specific molecules 
but also the properties of the combusting fuel sprays can be studied in detail In this section a 
short overview is given of laser based combustion research in engines that is relevant lor this 
thesis The overview is not exhaustive, but provides an outline of the technical progress 
achieved during the last decade 
One of the most important polluting product from combustion is NO Extensive research is 
performed to study the NO formation in combustion Arnold et al [4] applied laser based 
visualization techniques to study the progress of combustion in a four-cylinder 1 9 liter direct 
injection diesel engine with optical access to the combustion chamber by the insertion of 
quartz windows in the piston Shadowgraphy and high speed cinematography were used to 
study among others the spray development in combustion Laser Induced Fluorescence (LIF) 
and Mie scattering techniques were applied to distinguish the fuel distribution in the liquid 
and in the vapor phase Two-dimensional images of NO distributions were recorded with LIF 
using 193 nm excitation at in-cylinder pressures in the range from 5 to 50 bar Because of fast 
window fouling if real diesel fuel is used, η-heptane rather than diesel was used as fuel One 
year later, Alata§ et al [5] published an experimental study conducted to charactenze NO and 
soot evolution in an optically accessible single-cylinder direct injection diesel engine Soot 
evolution was recorded by the application of the two-dimensional Laser Induced 
Incandescence (LII), Mie scattering and direct photography techniques Two-dimensional LIF 
was used to study NO Oxygen enriched intake air was used to decrease the attenuation of the 
226 nm laser beam No real diesel was used as fuel, but a mixture of 50% iso-octane and 50% 
tetradecane In addition, self-lubncating piston rings were used to prevent window fouling by 
oil Knapp et al [6] presented NO LIF measurements with 248 nm excitation performed in an 
optically accessible combustion chamber of a four-cylinder 1 8 liter spark ignition engine 
Knapp mentioned that the obtained NO LIF images had to be processed among others for 
temperature, because only hot NO is excited by 248 nm laser radiation 

Brugman et al [7,8,9] were the first to use real commercial diesel as fuel in an optically 
accessible single-cylinder 0 6 liter indirect injected diesel engine They studied the presence 
of NO in combustion using LIF with 193 nm excitation and were also the first to process the 
obtained LIF results for window fouling and laser beam absorption Oxygen ennched intake 
air and a special lubricant to increase the laser beam transmittance through the combustion 
chamber were used The start of the NO production could not be studied, because the 
experimental setup of the engine prohibited access to the combustion chamber at smaller 
crank angles while the windows were blocked by the piston In the same year, Nakagawa et 
al [10] published LIF measurements on NO with 226 nm excitation in the combustion 
chamber of a single-cylinder direct injected heavy-duty diesel engine with a single-hole 
injector nozzle Again oxygen enriched intake air to improve the laser beam transmittance and 
no real diesel as fuel, but a mixture of 50% iso-octane with 50% n-tetradecane and a mixture 
of 40% ethyl alcohol with 60% n-dodecane were used In addition flame luminescence and 
direct photography images were recorded as well as OH by LIF and soot by LII One year 
later, Dec et al [11] presented an investigation of NO formation using planar LIF imaging 
during direct injected diesel combustion in an optically accessible heavy-duty engine A 
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wavelength of 226 nm was used for the NO excitation Mixtures of 70% tetraethoxypropane 
with 30% heptamethylnonane and of 67 6% heptamethylnonane with 32 4% n-hexadecane 
were used as low-sooting fuels The LIF data were processed for the changing pressure and 
temperature in combustion, but not for the attenuation of the laser beam through the 
combustion gas The latter was claimed not to be necessary, because no attenuation had been 
observed in the measurements Dec's paper gives the most extensive descnption of NO 
formation during different stages of combustion the NO formation does not start during the 
premixed bum, but just after the diffusion flame forms and continues in the post-combustion 
gases after the diffusion flame has extinguished One year later. Stoffels et al [12] presented 
LIF measurements on NO using 193 nm excitation in a single-cylinder direct injected two-
stroke diesel engine Commercial diesel is used as fuel The NO LIF data are processed for 
the laser beam attenuation through the combustion gas and for the high pressure and 
temperature changes present in combustion Unfortunately, the engine is not representative 
for present diesel engines 
The NO formed in combustion in engines is not only detected by laser diagnostics, but also by 
gas sampling techniques For example, Aoyagi et al [13J Hentschel et al [14] and Donahue 
et al [15] performed gas sampling measurements to study the NO formation during 
combustion in engines Many numerical models were developed to predict the amount of NO 
emitted by diesel engines For example, an advanced model has been set up by Chikahisa et 
al [161 who calculated the NO amount as a function of crank angle by extended Zeldovich 
reaction kinetics in a diffusion process 

Besides NO, also other molecules are important to study during combustion Some of these 
molecules are for example O2, OH in the flame front combustion products like e g CN, CH 
and H2CO, and Poly-Aromatic Hydrocarbon (PAH) molecules The local air/fuel ratio can be 
determined if one knows the local density ot some of these molecules in combustion, which in 
principle can be measured by the spontaneous Raman scattering technique Rabenstein et al 
[17] used the linear Raman scattering technique to study the vapor phase of a fuel spray 
evaporating in an optically accessible high pressure/high-temperature injection chamber 
onginating from a heavy-duty common-rail injection system One-dimensional spatially 
resolved Raman measurements of the air/fuel ratio were performed in the spray region with 
high local and temporal resolution using 532 nm laser radiation Two different hydrocarbon 
fuels were used n-dodecane and n-hexadecane Measurements were only performed during 
the cool flame reaction where less than 15% of the fuel has reacted, because of interference by 
the combustion reaction product H1CO with the Raman signal from the fuel and Ni Miles et 
al [18,19,201 used spontaneous Raman scattering to simultaneously measure the mole 
fractions of CO2, H2O, N2, 0-> and fuel (CjHs) in an optically accessible spark ignition engine 
operating at idle and low load Measurements of the mixing between combustion residuals 
and fresh charge are made from the beginning of the intake stroke to Top Dead Center (TDC) 
compression, also by using laser radiation of 532 nm Measurements were performed at 
different locations to sufficiently resolve the characteristic time-scales of inhomogeneity in 
most cases Not only mole fractions can be measured with the Raman technique, but with the 
Coherent Anti Stokes Raman Spectroscopy (CARS) method temperatures can very accurately 
be measured too Ball et al [2l\ performed temperature measurements in an internal 
combustion engine using CARS An alternative olefin and alcohol rich fuel was used The 
temperature was measured up to TDC, before the start of the expansion stroke, in a single-
cylinder, spark ignition engine at a laser wavelength of 607 nm to maximize the N2 Q-branch 
CARS signal 
The knowledge of spray propagation and combustion in an engine combustion chamber is 
very important for the understanding of the entire combustion process and is the basis of 
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comprehending the formation of many polluting molecules Extensive research has been 
performed on sprays evaporating in so-called spray chambers imitating engine combustion 
chambers In this confined overview, the emphasis will lay on spray studies performed in 
engine combustion chambers Dunng the last years, a change of view was obtained in the way 
how a spray breaks up and combusts (For a more complete overview see Stoffels [3] ) Faeth 
[22] presents several spray break up models, classifies them in different groups and desenbes 
the (dis)advantages 
The shadowgraphy and Schlieren photography techniques have been used already for a long 
time to study combustion in engines Kakegawa et al [23] investigated combustion 
characteristics in a supercharged single-cylinder diesel engine with high pressure injection 
using Schlieren photography, while varying the parameters of both injection pressure and 
swirl ratio Minami et al [24] studied the effects of injection pressure and rate on a fuel spray 
by applying the shadowgraphy technique and Shundoh et al [25] used high speed 
shadowgraphy to study the effect of injection pressure and swirl, both performed their 
measurements in an optically accessible single-cylinder four-stroke directly injected heavy-
duty diesel engine 
An effective spray visualization technique is to add fluorescence tracers to the fuel, or to 
choose the right laser wavelength to excite molecules present within the fuel [26-30] Hodges 
et al [26] simultaneously visualized the gaseous and liquid phases of the fuel in a direct 
injected diesel engine by planar exciplex fluorescence (PLIXF) to yield instantaneous 
information sensitive to droplet break-up and vaporization in a non-combusting spray Munth 
et al [30] and Wensing et al [31] presented measurements performed in the combustion 
chamber of a directly injected Otto engine using this exciplex fluorescence technique to study 
the fuel vaporization Besides the fluorescence technique they also applied the elastic Mie 
scattering technique to study the fine structures in the expansion of the spray in a spray 
chamber [31] and in the combustion chamber of the engine [30] Path et al [32] not only 
describes Mie scattering measurements on a spray, but also shows several spray break-up 
models in order to explain the performed measurements 

Dec and Espey et al [33-44] performed important pioneering work studying sprays using the 
LIF, the Laser Induced Incadescence technique (LII) and the elastic Mie and Raleigh 
scattering techniques Dec also developed an alternative diesel combustion model [43] 
Briefly, the model states that auto-ignition occurs through the entire vapor-fuel/air mixture, 
contradicting the formerly established view According to Decs model no fuel droplets are 
present in the combustion zone, the premixed burn occurs at equivalence ratios from 2 to 4, 
all fuel undergoes rich premixed combustion before the diffusion burn and the soot formation 
is initiated by the premixed combustion The model is based on measurements performed in a 
specific engine not running on realistic diesel fuel and without swirl, and no wall interactions 
are taken into account 

Much computational modeling is done to predict the spray combustion in diesel engines 
Dillies et al [36] presents a computer simulation model based on measurements performed by 
amongst others Dec et al A nozzle flow model, to simulate the effects of the internal 
geometry of the diesel injector nozzle on the fuel injection and spray processes, proposed by 
Kong et al [45] in combination with the Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) 
drop breakup mechanisms, gives realistic spray predictions The model was applied with a 
characteristic-time combustion model by Kong et al [46] to simulate combustion, based on 
the laser based measurements performed in the optically accessible Cummins engine by Dec 
and Espey [43] It predicts the observed limited liquid diesel fuel penetration length and flame 
shape details accurately 
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1.4 Laser Induced Fluorescence (LIF) of NO 

The LIF technique can be used to identify specific molecules In gases, the LIF method has 
been proven to be a very powerful method to measure the densities of relevant molecules 
This laser diagnostic technique provides a way to study molecular processes at positions not 
accessible by other conventional diagnostic methods In addition, measurements can be 
performed non-intrusively they do not disturb the studied object chemically, nor physically 
Properties of the gases to be studied, like for example temperature and pressure, and processes 
taking place, as for example a combustion process, are not influenced by the application of 
the LIF technique The basis of the LIF technique is the fact that the energy levels of 
molecules are distributed in such a way that they can only absorb and emit light at given 
frequencies Absorption and emission spectra ot these molecules are similar to fingerprints of 
people These fingerprints can be used to recognize and study the presence of specific 
molecules in all kinds of processes that allow a laser beam and fluorescence to pass through 
them 
The LIF technique will be explained in more detail taking the NO molecule as an example 
(see figure 14 1) When using laser radiation of 193 nm excitation takes place from the first 
excited vibrational level ν =1, in the electronic Χ"Π ground state to the vibrational ground 
state, ν =0 in the electronic D1E+ state (the 0 ,Σ+(ν =0) <- Χ?Π (ν =1 ) transition) The laser is 
tuned to a certain frequency in order to excite the NO molecule in a certain rotational level In 
the experiments discussed in this thesis, excitation takes place from the rotational j =26 5 
level to the J =27 5 level in the R|(26 5) transition and the J =J=32 5 levels are involved in 
the Qi(32 5) transition With 226 nm the molecule is excited according to the Α Σ+(ν =0) <— 
Χ2Π (v"=0), Qi+ Ρ->ι(Π) and R->(15) transitions, which coincide within the bandwidth of the 
laser 

The NO molecules in the excited electronic states decay, on a nanosecond time scale, to 
energetically lower lying rovibronic levels meanwhile radiating light of energy equal to the 
energy difference between the states involved If this light is dispersed and detected, 
dispersion spectra like displayed in figure 1 4 1 b are obtained From these spectra it can be 
concluded that the light was emitted by NO molecules according to the fingerprint principle 
discussed above It the laser is scanned over its wavelength range and a dispersion spectrum is 
measured at each wavelength position of the laser during the scanning procedure, an 
excitation dispersion spectrum can be recorded as the ultimate fingerprint of the molecule 
The decay of excited molecules does not only take place by the emission of light Collisions 
between molecules also cause a redistribution of the population ot energy levels If the 
redistribution takes place between rotational energy levels within a vibrational energy level it 
is named Rotational Energy Transfer (RET) In case of redistribution between vibrational 
energy levels within an electronic state it is called Vibrational Energy Transfer (VET) If the 
redistribution results in decay to a lower lying electronic state, except the ground state, it is 
named Electronic Energy Transfer (EET) and quenching if to the electronic ground state (see 
figure 14 1a) At high pressures and temperatures collisions between molecules may become 
so frequent that radiative decay becomes almost impossible and hardly any fluorescence will 
be detected Photiomzation and photodissociation may also take place, as for example for NO 
in the C 2Π state which is strongly predissociative for rotational levels above J =5 5 [7] 
In the measurements performed in this thesis, the LIF technique is used to visualize NO, O2 
and PAH s 
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Figure 1.4.1: The Laser Induced Fluorescence technique in detail: a) Schematic 
representation of the excitation of NO molecules from the electronic ground state using laser 
radiation of 193 nm and 226 nm, fluorescence from the excited electronic A-, C-, and D-
states. Electronic Energy Transfer (EET) to the A- and C- states. Vibrational Energy Transfer 
(VET) between vibrational levels. Rotational Energy Transfer between rotational energy 
levels and quenching from the excited electronic states to the electronic ground state, b) 
Dispersed fluorescence spectra resulting from the excitation at the different wavelengths. The 
fill patterns of the fluorescence arrows in a) correspond to those of the spectral fluorescence 
bands in b). 
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1.5 Outline 

Besides Dec [33-44] the group at the University of Nijmegen is one of the few groups in the 
world who performs NO measurements with laser-based diagnostic techniques in the 
combustion chamber of a realistic heavy-duty diesel engine To our knowledge, the 
measurements presented here are the first LIF NO measurements performed using real diesel 
as a fuel in a heavy-duty engine 

Figure 1 5 1 shows schematically the experimental setup that is needed to apply laser based 
techniques like for example LIF A laser beam enters the combustion chamber (or cell) 
through a quartz window mounted in the engine combustion chamber or piston (or in the cell 
wall) The laser induced signal leaves the combustion chamber (or cell) through a quartz 
window and is detected by an Intensified Charge Coupled Device (ICCD) camera in 
combination with filters or a monochromator 

Measurements performed in two optically accessible engines are shown and discussed in this 
thesis One engine is a direct injected two-stroke diesel engine, which will be discussed in 
chapter 4 This chapter reports LIF measurements to obtain direct information about the in-
cylmder NO formation The measurements are compared with formerly performed 
measurements using a different laser wavelength to excite the NO [3] The second engine 
discussed is a six-cylinder heavy-duty direct injected DAF diesel engine The engine itself 
and the adaptations to make it optically accessible will be displayed in chapter 2 In-cylinder 
LIF measurements on NO will be discussed in chapter 7 

Measurements to obtain more knowledge about the way the NO should be studied, in 
excitation or in dispersion, about the non-radiative decay of NO and the spectroscopic 
interference between Οι and NO are much easier to perform in a high pressure, high 
temperature cell than in an engine. Such a study in a high pressure, high temperature cell will 
be displayed in chapter 3 The final section of this chapter explains the so-called two-line 
thermometry method used to determine the gas temperature by performing LIF measurements 
on O2 in another high pressure, high temperature cell 

Other molecules besides NO are also studied in combustion in the DAF diesel engine 
Chapter 5 treats spontaneous Raman scattering measurements performed on Ντ and O2 in 
combustion in the DAF engine and chapter 6 treats the visualization of diesel sprays in this 
DAF engine using LIF by exciting the 3- and 4-ring PAH molecules 

ICCD 

monochromaior 

or filter(s) 

Τ laser induced signal 

transmitted 

i r m * S ' g n j l cell or engine laser beam Nd YAG. dye or 
combustion chamber excimer laser 

Figure 15 1. Schematic representation of the experimental setup with a monothromator 
and/or filter in combination with a Intensified Charge Coupled Device (ICCD) camera to 
measure the laser induced signal and a ICCD camera to measure the transmitted laser beam 
through the cell or engine combustion chamber 
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CHAPTER 2 

The DAF diesel engine 

2.1 Introduction 

The measurements described in this thesis have mostly been performed on a six-cylinder DAF 
heavy-duty diesel engine One of the six cylinders has been modified considerably to be able 
to perform in cylinder measurements with laser diagnostic techniques Its combustion 
chamber has been made optically accessible by mounting quartz windows into head and 
piston for use of laser diagnostic techniques This part of the engine runs without lubrication 
to reduce window fouling and the amount of soot during combustion 
A schematic account of the overall modification of the engine will be given in section 2 2 
The construction of the measurement cylinder shall be discussed in section 2 1 The 
construction of the mounting of the side windows and piston window is going to be explained 
in more detail in section 2 4, the engine specifications will be provided in section 2 5 and the 
influence of the modifications on combustion will be discussed in section 2 6 

2.2 Modification of the engine 

The engine is originally a six-cylinder 11 6 liter engine of the WS type The first combustion 
chamber, on which the measurements are performed, has been exchanged for the more 
modem XF 95 DAF combustion chamber This combustion chamber has two inlet and two 
outlet valves, the injector is placed centrally in the top of the combustion chamber and the 
chamber itself is symmetrically configured In the modified combustion chamber one outlet 
valve has been removed and is replaced by either a pressure transducer (AVL QHC12) or a 
quartz observation window (028 mm) To provide an easier access for the laser beams to the 
cylinder head (see figure 2 2 1), the combustion chamber has been moved up about 40 cm by 
elongating the piston and cylinder Two piston crowns are used a standard mexican-hat 
shaped one made from an aluminum alloy and an aluminum crown with a 48 6 mm thick 
quartz window in it resulting in a flat-bowl piston 

Combustion chambers number two and three have been removed To maintain the engine 
balanced, the corresponding two pistons, which are still present, have been made heavier and 
the crank has been adapted The other three remaining cylinders, numbers four, five and six, 
are operating under normal condition, but without turbo charging This part uses the standard 
inlet and outlet manifolds The measurement cylinder needs to operate at different loads 
independent from the load at which the rest of the engine runs This requires the inlet air of 
the measurement cylinder to be heated to different temperatures under varying inlet pressures 
independently of the inlet of the other cylinders The first cylinder is boosted by means of an 
external compressor which consists of a new air inlet system, comprising a pressure regulator, 
a large barrel used as buffer space so that always enough air at the right pressure is available, 
and air heaters In addition, the amount of diesel fuel injected in the modified combustion 
chamber has to be controlled independently from the amount injected in the combustion 
chambers of the other three cylinders The regulator bar, which is normally a part of the diesel 
pump, that controls the amount of diesel injected in the modified combustion chamber has 
been placed outside the diesel pump and works independently from the regulator bar that 
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controls the diesel injection in the combustion chambers of the other cylinders The diesel 
injection in the chambers of the cylinders two and three is blocked by removing the 
corresponding plungers from the pump 
A complete temperature control circuit, to heat up the measurement cylinder before the engine 
starts, was installed, so all measurements are started and controlled at exactly the same 
temperature To provide the engine with a continuous and precise brake load a water-cooled 
dynameter is mounted on the crank of the engine 

measurement 
cylinder 

1 

r η ^ i — 

ο 
Ι ο " 1 

cylinder 
2-3 

°Q_ _ _ _ 

fuel 
pump 

Figure 2 2 1 A schematic overview of the engine with brake 

The presence of lubrication in the combustion chamber is prevented in order to avoid an oil 
film on the windows that not only solves soot particles, but also attenuates the laser radiation 
since the oil is not UV transparent Besides this, oil contributes to soot production during 
combustion, which results in an extra attenuation due to absorption of radiation by the soot 
particles The best way to deal with these problems is not to use any oil This requires the 
construction of the measurement cylinder to be adapted Oil also has another function besides 
lubrication it cools the piston and cylinder wall To prevent a heat problem this cylinder is 
operated in a so-called "skip-fire" mode of typically 1 10 to 1 40 Within two complete 
rotations of the crank, there does not have to be combustion in the measurement cylinder if no 
diesel is injected into it Of course, normal operation is maintained in the three working 
chambers In this way, the measurement cylinder can be motored by the other cylinders 
For safety reasons, the engine operator has to be able to control all the conditions under which 
the engine runs from one spot in the laboratory Therefore, a long distance control is made for 
all the conditions to be regulated This means that much electronic equipment is involved in 
the experimental realization of the complete setup Part of the electronics consists of the 
tnggenng setup In studying engine combustion, the progress of combustion as a function of 
the crank position has to be determined Hereto, a laser beam is fired into the combustion 
chamber and a CCD camera registrates an image at every crank position wanted To 

cylinder 
4-5-6 

dynameter 

/ 
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determine the exact degree of rotation of the crank, the trigger pulses are obtained by a 
homebuilt angle encoder placed in extension of the crank in combination with the electronics 
The electronics generates a TTL pulse at every required position of the crank enabling 
tnggermg of all the apparatus used in the experiment 
The amount of diesel injected, the air inlet pressure and temperature in the modified 
combustion chamber, the speed and load of the first cylinder and the timing of the crank angle 
are controlled and measured continuously 

2.3 The construction of the measurement cylinder 

A detailed drawing of the measurement cylinder is given in figure 2 3 1 below An elongation 
(a) has been bolted on the original piston As can be seen in figure 2 3 1a piston crown (b) 
has been mounted on this piston elongation The piston window (n) is fixed between the 
piston elongation and the piston crown It provides full optical access to the central 0 74 mm 
of the combustion chamber To prevent the piston crown from touching the liner (c) one rider 
ring (d) of bronze impregnated teflon and one piston ring (e) made out of polyamide filled 
with molybdenum sulfide and graphite is used in combination with a stainless steel expander 
ring The liner (c) is mounted inside the cylinder (f) In the outer cylinder (f) a helical cooling 
water canal has been cut on the inside to improve the cooling 

In order to simulate the combustion chamber of a XF 95 DAF engine built on a WS engine 
and to mount windows in it a complete new cylinder head (g) has been made The head is 
made out of a slightly modified casting to keep the shape of the inlet and outlet manifold the 
same It contains seats for the valves (i), the injector (j) and auxiliaries Along with the 
elongation of the piston and the use of a new head, new push rods and rockers (k) had to be 
made in addition The head is bolted on the C60 steel tower (x) that, on its turn, is bolted on 
the engine block The light leaving the combustion chamber through the piston window is 
reflected by the mirror (r), which can be pneumatically placed underneath the piston window 
while the engine is running An advantage of this construction is that the cylinder (f), and 
within it the liner (c) of course, can be lowered down from the outside by loosening some 
bolts so that the piston window can be cleaned from the outside, without having to lift the 
entire cylinder head The liner must have a high surface hardness combined with a low 
surface roughness, because no lubrication is present Several different liners with different 
surface treatments were used and tested One successful liner was coated on the inside with a 
chromium nitride layer, deposited by a PVD technique, of about 3 to 4 μιτι thick with a 
hardness of 1750 to 2500 Hv and a surface roughness Ra value of about 0 05 μιη Another 
liner used successfully was an austemtic duplex-steal cylinder, surface hardened by the 
Hardcor process [ 1 ] which resulted in a layer thickness of 33 μπι and increased the hardness 
from 200 till 1000 to 1200 Hv The wear value was in the order of 0 15 (10'4 μιη Nm ') 
measured for oil [1] If the surface coating or the liner itself is damaged, the liner can easily 
be replaced by another one Not the complete liner in combination with the cylinder with its 
helical water cooling canal has to be replaced, but just the liner, which can be bought as a 
standard (like used in certain truck engines) and has to be adapted to fit in the used 
configuration 

Each cylinder has got an oil squirt that sprays oil at the bottom of the original pistons The oil 
squirt from the first cylinder has been removed to minimize the oil vapor, that is present 
above the original piston as a result of this squirt, because the vapor hinders the use of laser 
diagnostic techniques A large part of the oil vapor, still being present, is sucked away at three 
places above the original piston by a vacuum pump 
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Figure 2.3.1: A detailed drawing of the 
a - piston elongation 
b - piston crown 
c - liner 
d - rider ring 
e - piston ring 
ƒ - cylinder 
g - cylinder head 
h - side window holder 
i - valve 
J - injector 

measurement cylinder, with: 
k - rocker 
I - side window 
m - top window 
η - piston window 
ο - copper ring 
ρ - graphite rings 
q - rubber ring 
r - mirror 
χ - tower 

2.4 Mounting of the side windows and piston window 

When studying combustion using laser diagnostics, one wishes to be able to look into the 
entire combustion chamber which should be traversable by the laser beam. This was solved 
by making the combustion chamber optically accessible by mounting UV transparent quartz 
windows (suprasil 1, Heraeus) in it (see figure 2.3.1): three at the sides (1), a small one (m) in 
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the cylinder head ( 0 28 χ 50 mm) replacing one exhaust valve, and one window (n) in the 

piston. 

The side windows (47.5 χ 22.5 mm', 47 mm thick, fig. 2.4.1) are mounted in aluminum 

holders (w), which can be fixed in the cylinder head by an iron plate (v) and two bolts. 

Between window and head a silicon seal (u) is placed to seal off the combustion chamber 

from the outside air and to protect the quartz from damage while it is tightened in the iron 

cylinder head. 

Figure 2.4.1: A side window in its holder, with: 

I - quartz side window 
u - silicon seal 
w - aluminum window holder 
ν - iron plate with bolts to fix holder in cylinder head. 

Unfortunately, the construction of a piston with a window in it was not as straightforward as 
the construction of the other windows. Several piston-window designs were constructed and 
tested. The final construction is depicted in figure 2.4.2. 
The piston crown (b) made out of an aluminum alloy covers the quartz window (n) and is 
bolted directly on the elongation (a) (figure 2.3.2). The difficulty in mounting the quartz 
window in the piston is the fact that aluminum expands much more than quartz at increasing 
temperatures, which makes it difficult to design a construction to confine the quartz window 
in the aluminum piston. In the first construction tested, the cylindrical window was mounted 
rigidly with a 0.1 mm thin poly-imide layer between the upper flat surface of the window and 
the aluminum body of the crown and between the lower flat surface of the window and the 
elongation. The tensile forces required to fix the piston on the elongation worked directly 
through the quartz, which broke as a result. In the current construction the window is 
contained between an annealed copper (o) and two graphite (p) rings, without pressing against 
either piston or crown. Since the rings are made of relatively soft materials, the forces are 
damped without causing any point loads on the quartz, which results in some degree of 
flexibility. An additional stainless steel ring (t) is placed between the two graphite (p) rings. 
Between the window side and the piston crown rubber rings (q) are placed to prevent contact 
between window and aluminum crown. 
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Figure 2.4.2: Window in piston, with: 
a - piston elongation 
b - piston crown 
d - rider ring 
e - piston ring 
η - piston window 
ο - copper ring 
ρ - graphite ring 
q - rubber ring 
s - expander ring 
t - steel ring. 

2.5 Engine specifications 

In figure 2.5.1 the pressure, the first derivative of the pressure with respect to the crank angle, 
the heat release and the temperature curves are given as a function of crank angle for the 75% 
load case. These diagrams contain much information about the combustion present under 
certain engine operating conditions. In the present situation, the fuel injection starts at 3° 
bTDC. From the heat release, the dQ/dö diagram, two different regions of combustion can be 
distinguished quite clearly. The first one (light gray area) during the first peak, with a 
maximum at circa 5° aTDC, is called the premixed flame: fuel that is mixed with air during 
the ignition delay combusts. The second region (dark gray area), beginning when the heat 
release rises again after the first peak, with a maximum at about 15° aTDC, is called the 
diffusion flame: unburned fuel, mixes with air and combusts. Most energy is released during 
this second stage in the combustion. The transition from the premixed flame towards the 
diffusion flame can be seen very clearly from the derivative of the pressure curve, the dP/dô 
diagram. The temperature diagram shows that the temperature ranges from about 1000 Κ at 
20° bTDC to 1750 Κ at approximately 40° aTDC for the current engine conditions. The heat 
release curve has been calculated using the pressure curve and thermodynamics [2J. The 
temperature curve has also been calculated using these heat release and pressure curves, the 
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10 

c r a n k angle (-θ in 0 ) 

Figure 2.5.1: Pressure, first derivative of pressure, heat release and temperature curves as a 

function of crank angle for 1600 rpm at 75% engine load with quartz window in piston. 

offset being determined by the adiabatic temperature before the combustion started. The exact 

engine specifications are listed below in tabel 2.1. 

In figure 2.5.2 the pressure, the first derivative of the pressure, the heat release and the 
temperature curves are given for three different loads: 10%, 50% and 75% load. These curves 
were obtained with the quartz window mounted in the piston. Most measurements discussed 
in this thesis were performed at one of these loads. As can be seen from these curves, higher 
load corresponds to higher combustion pressure and temperature, as it should be of course. At 
10% and 50% load the diffusion bum phase is seen to be all but absent, whereas it is 
dominant in the 75% load case. The negative value of the heat release at 75% load before 
TDC is not only caused by the evaporation of the diesel fuel, but also by a pressure loss 
caused by the leaking of air out of the combustion chamber along the piston rings. After wear 
and tear of the piston rings, the leaking increases and the rings have to be renewed. This 
leaking can be compensated for by increasing the air inlet pressure, so all measurements at the 
same load are performed at the same end compression pressure. 
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Table 2 1 Engine specification'; 

Engine Make 
Type 
Cycle 
Bore 
Stroke 
Compression volume 
Capacity 
Compression ratio (aluminum crown) 
Compression ratio (qudrtz-bottom crown) 
Compression ratio (unmodified engine) 

DAF 
Initial WS268L, head of XF95 
4-stroke 
130 0 mm 
146 05 mm 
133070 mm3 
1938 6 cmJ 

155 
15 
16 

Valve data 
Number 
Inlet opens 
Inlet closes 
Outlet opens 
Outlet closes 

3 (2 inlet, 1 outlet) 
TDC 
10oaBDC 
50° bBDC 
TDC 

Injection system 
Pump 
Injector 
Type 
Timing 
Pressure 

Bosch, modified linepump 
centrally placed 8 or 6 hole injector 
Bosch DLLA155PV3181706 
15° bTDC (static) 
open 25 MPa, max 80 MPa 
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10% load: 1.37 bar inlet air pressure, 37° C air inlet temperature and 62 mg/cycle diesel injected 
50% load: 1.75 bar inlet air pressure, 32° C inlet air temperature and 96 mg/cycle diesel injected 
75% load: 2.10 bar inlet air pressure, 40° C inlet air temperature and 159 mg/cycle diesel injected 

σ 
> 
-π 

Figure 2.5.2: Pressure, first derivative of pressure, heat release and temperature curves as a function of crank angle 
for 10% (first row), 50% (second row) and 75% (third row) load and 1600 rpm with quartz window in piston. 
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2.6 The effect of the modifications on combustion 

As described in the former sections a lot of modifications have been carried out which have 
resulted in a measurement cylinder that is slightly different from the cylinders in an original 
XF95 engine What kind of effects do these modifications have on the combustion process 
compared to the combustion in an original XF95 combustion chamber, which has not been 
modified'' 

1) One exhaust valve has been replaced by either a pressure transducer or a quartz 
window The exhaust valves open when the combustion is already finished, so the 
disappearance of one exhaust valve does not change anything in the course of 
combustion 

2) An important modification is the change of the piston shape and material, when the 
piston with the quartz window in it is used instead ot the mexican-hat shaped one The 
absence of the mexican-hat shape influences the flow direction ot the air The swirl 
direction has not been changed, because it is determined by the angle under which the 
air is brought into the combustion chamber, that is by the angle under which the inlet 
channel has been cut out in the cylinder head In contrary, the direction of the squish is 
not known in the present geometry This might result in a change of the mixing of the 
air with the diesel vapor and consequently ot the course of the combustion process 

3) The thermal conductivity coefficient of aluminum is about a factor of 1000 larger 
compared to the thermal conductivity coefficient of quartz The specific heat of quartz 
and aluminum do not differ as much at all This means that when the measurement 
cylinder is pre-heated, the quartz window in the transparent piston is relatively cold 
compared to an aluminum mexican-hat shaped piston This might result in a different 
behavior of the evaporation of the diesel spray at the piston surface, which on its tum 
might result in a different course of combustion However this effect will probably be 
negligible, because the quartz will be warmed up after some time, while running the 
engine The inlet air is always heated up to about 40° C, thus reducing the effect of the 
temperature difference between the quartz containing and mexican-hat shaped piston 

4) The piston of the measurement cylinder has only one piston nng mounted to prevent 
blow-by of the combustion gases along the liner surface An XF95 engine uses two of 
these rings Blow-by results in a decrease of the end compression pressure This effect 
is accounted for by increasing the air inlet pressure, so that the proper end compression 
pressure will be reached anyway 

5) The measurement cylinder is not lubricated at all In a standard operating lubricated 
engine there is always some oil present in the combustion chamber, which amounts to 
an increase in soot production 

6) It is known that edges in a combustion chamber increase the soot production The 
piston is bolted on the elongation In the head of the bolts, which are placed at the 
outer side of the bottom of the combustion chamber, holes are present with edges that 
will increase the soot production Furthermore, the side windows are right angle 
windows, so edges are present at the transition from the flat quartz window surface to 
the aluminum of the cylindncally shaped side wall of the top of the combustion 
chamber, which also increase the soot production 

As a conclusion it is expected that most of the modifications will only have little effect on the 
combustion, expect perhaps the use of the flat quartz piston window In future expenments 
replacement by a mexican-hat shaped quartz piston window could be considered Although 
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this would require some processing to correct for image deformation, the air flow of the 
original configuration would be restored 
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CHAPTER 3 

Laser induced fluorescence measurements on nitric oxide and 
oxygen in a high pressure, high temperature cell using 193 nm 
ArF excimer laser radiation 

3.1 Introduction 

The 193 nm laser radiation from a tunable ArF excimer can be used to excite the D Σ+ (v=0) 
<— Χ2Π (v'=l) transition in NO, as has been applied for in-cylmder NO fluorescence 
measurements in diesel engines [1,2] In order to interpret such data quantitatively, competing 
processes involving non-radiative decay of the excited NO molecules must be understood In 
this chapter a description is given of research on quenching and Electronic Energy Transfer 
(EET) phenomena of NO in a high pressure, high temperature cell where the measurement 
conditions are easier and better controllable than in combustion (engines) In section 3 2 the 
cell is presented which was used for experiments described in section 3 3 to 3 5 The 
measurements discussed in section 3 6 were performed with another, more advanced cell 
presented in the same section Section 3 3 shows that the NO excitation line broadening at 
increasing pressure cannot be used to quantify fluorescence quenching under engine 
conditions Various chemical species collide in a different way with NO molecules and 
therefore have distinct effects on quenching and EET The colhsional cross sections and 
velocities of the molecules at a certain temperature and pressure are mostly completely 
different, so these species characteristically broaden the NO absorption Section 3 4 is focused 
on the importance of N2 for the quenching and EET of NO This is very relevant since N2 is 
always present in excess during the combustion process in an engine In order to study NO by 
LIF, one must be certain that no molecules other than NO absorb and fluoresce in the same 
wavelength region Unfortunately, within the 193 nm wavelength region used to excite NO, 
there are also absorption lines of O2 (Schumann-Runge bands) Moreover, the excited O2 
molecules also fluoresce in nearly the same wavelength region as NO Therefore, the possible 
spectral interference should be studied in detail, to be sure that solely a NO transition is 
excited and that the dispersed fluorescence detected arises only from NO This spectral 
interference study is described in section 3 5 Section 3 6, finally, describes the construction 
of an improved cell version, as well as a possible scheme to measure the gas temperature 
using two-line thermometry on O2 All measurements in this chapter are performed using an 
imaging monochromator (Chromex 25()IS), with a 1200 lines/mm UV blazed grating in 
combination with an intensified CCD camera (Princeton Instruments, ICCD 576G/RB-E, 16 
bits) to respectively disperse and detect the fluorescence The radiation source is a ArF 
excimer laser (Lambda Physik, Compex 350T) tunable in the range from 192 9 to 193 9 nm 
with a hnewidth of 1 0 cm ' and a maximum pulse energy of 350 mJ 

3.2 The high pressure, high temperature cell 

The high temperature, high pressure cell used for most of the cell measurements described in 
this chapter is drawn schematically in figure 3 2 1 
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Figure 3.2.1: Cross section of the high pressure, high temperature cell, with: 

a - cylinder ƒ - quartz tube 
b - bottom flange g - oven stone 
c - top flange h - thermocouples 
d - heating element i - quartz window 
e - ceramic plates 

It is a closed cell, formed out of a cylinder (a) fixed between a bottom (b) and a top (c) flange 
by thread rods with bolts, which can be pressurized by the gas to be studied up to a pressure 
of 100 bar. This gas can be heated to a maximum temperature of 1270 Κ nearby the heating 
element (d). This heating element consists of kantal wires tacked in ceramic plates (e). A 
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quartz tube (f) is placed around the heating element to prevent conduction loss of heat to the 
rest of the cell The heat is, as far as possible, kept into the cell by an oven stone (g) The 
temperature is measured by several thermocouples (h) present at different locations in the cell 
The cell has been made optically accessible by mounting three quartz windows in the middle 
of the cylinder wall two windows mounted opposite to each other and one (i) perpendicular 
to them The laser beam can traverse the cell through the diametrically placed windows and 
the induced fluorescence can be detected through the perpendicularly mounted one 
This cell design has two shortcomings (1) over the vertical length of the side window a 
convection gas stream is visually present caused by quite a large temperature variation up to 
400 Κ (especially at high pressures) The temperatures at which the LIF measurements are 
performed are averaged temperatures over the probed volume The measured spectra hardly 
differ from each other when obtained at different temperatures between about 600 to 1000 Κ 
(at higher pressures), (2) a large oven stone is present in this cell with a large effective surface 
because of its porosity, which is in direct contact with the gas to be studied As a result part 
of the studied gas adsorbs at the stone surface, which results in an uncertainty with respect to 
the determination of the absolute concentration of the test gas Since quenching efficiency 
measurements do not hinge on accurately known partial pressures (as long as they stay 
constant during the measurement), this problem was not a concern for the measurements 
discussed below 

3.3 Pressure broadening of NO absorption lines 

Measuring excitation spectra of NO is a straightforward way to get information about in-
cylinder NO from engines [1] During the measurement of an excitation spectrum the laser 
beam wavelength is changed stepwise over a certain wavelength region and the change in 
intensity of a dispersed fluorescence signal of NO is detected simultaneously The question is, 
whether it is possible to measure the relative amount of NO in the combustion process by 
means of such excitation measurements 
Two difficulties in using these spectra are the spectral line broadening and the shift of the 
excitation transitions at increasing pressure due to the increasing rate of collisions of NO with 
other molecules Both elastic and inelastic collisions contribute to spectral line broadening, 
while the spectral line shift is caused only by elastic collisions [3] 
Figure 3 3 1 shows several excitation spectra recorded at different pressures of NO in Ar in 
the high pressure, high temperature cell discussed in the previous section Argon is used, 
because it does not affect the laser beam it is a noble gas that has no electronic transitions in 
the UV Because it has no dipole moment, it does not adsorb at the oven stone as easy as a 
dipolar molecule, which should make the refilling of the cell for successive measurements at 
different concentrations easier Of course, this adsorption problem still holds for the dipolar 
NO molecules, which means that the cell still has to be flushed many times 
It is clear from figure 3 3 1 that the spectral lines broaden strongly and start to interfere with 
each other at increasing pressure At 51682 cm ' a large dip is present in the excitation spectra 
for the high pressures This is caused by an oxygen absorption of the laser radiation by the 
B1ZU <r- X3Zg Schumann-Runge band, which takes place in the air before the laser radiation 
reaches the cell At a pressure of 27 bar, hardly any spectral structure can be recognized any 
more At 37 bar no structure can be recognized at all One has to realize that the pressure 
during combustion in engines reaches much higher values than 37 bar, so that no excitation 
spectra can be used for in-cylmder measurements in engines This means that one has to focus 
on the dispersed fluorescence spectra to determine the amount of NO under engine conditions 
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With respect to the wavelength distance between the fluorescence bands, the fluorescence 
bands are hardly broadened at increasing pressure. 
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Figure 3.3.1: Excitation spectra of 7500 ppm NO in Ar for different pressures at circa 1000 
K. At 4 bar the NO transitions are indicated (D2!? (v'=0) <- Χ2Π (v"=l), notation A!r"(J")) 
for the spectral lines within the excitation wavelength interval. 

3.4 Comparison of dispersion spectra of NO in argon and nitrogen at 
different pressures 

To study the influence of quenching and Electronic Energy Transfer (EET) of Ar and Ni on 
the NO D"I+ state, fluorescence dispersion spectra have been measured at different pressures 
at circa 1000 Κ for a sample of 7500 ppm NO in Ar (see figure 3.4.1.a) and one of 5000 ppm 
NO in NT (see figure 3.4.l.b). The NO molecules are excited from the ground Χ2Π (v"=l) to 
the D"Z+ (v'=0) state using broadband laser radiation from 51819.7 to 51585.8 cm ', spanning 
the range from the R|(31.5) to the Pi(32.5) transition. Figure 3.4.2 shows a schematic 
representation of the potential energy curves of relevant NO electronic states. Figure 3.4.1.a 
shows fluorescence originating from the Α2Σ+ (v'=3), C 2n (v'=0) and the D2Z+ (v'=0) state to 
several different vibrational levels in the electronic ground state. Only the NO 02Σ+ (v'=0) 
state is directly populated by the laser excitation. The Α"Σ+ and C O state are populated by 
electronic energy transfer through collisions of the NO molecules with the Ar atoms. In 
addition, NO-NO collisions will be taking place, but these are neglected. As the pressure 
increases the fluorescence from the ϋ"Σ+ state slowly disappears and at high pressures most of 
the fluorescence originates from the Α2Σ+ (v'=3) state and the C 2n (v'=0) state. 
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Dispersion spectra o f N O in Argon 
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Figure 3.4.1: Dispersion spectra of NO broadband excited to the D Σ? state in a) Ar, detected 
with a camera gate width of ± 400 ns after the beginning of the laser pulse and b) N2, with a 
gate width of 200 ns. 

According to Shibuya et al. [4] the 02Π (v'=0) state strongly perturbs the lower rotational 
levels of the Β2Π (v'=7) state, which is in near resonance with the ϋ 2 Σ + (v'=0) state, and the 
higher rotational levels of this Β2Π (v'=7) state cross with the Α2Σ+ (v'=3) state. Probably, 
because of EET the Β2Π (v'=7) state is populated out of the 0 2 Σ + (v'=0) state and further 
collisional redistribution subsequently populates the Α2Σ+ (v'=3) and C Π (v'=0) states out of 
the Β2Π (v'=7) state. This would explain the decrease of the fluorescence from the ϋ 2 Σ + 

(v'=0) state and the increase of the fluorescence from the Α2Σ+ (v'=3) and C 2 n (v'=0) states at 
increasing pressures, which clearly can be seen in figure 3.4.1.a. If the Α2Σ+ (v'=3) and C 2 n 
(v'=0) states would be populated directly from the 0 2 Σ + (v'=0) state by EET, without any 
interaction of the Β2Π (v'=7) state, fluorescence from the Α2Σ+ (v'=0,l,2) states can be 
expected to be detected too: the ϋ 2 Σ + (v'=0) state does not cross the Α2Σ+ (v'=3) state, so no 

29 



Chapter 3 

clear preference for this Α"Σ+ (v'=3) state with respect to other Α Σ+ states, lying lower than 

the D"Z+ (v'=()) state, will be present Because no fluorescence from other states than from the 

Α2Σ+ (ν =1) state is detected, interaction ot the Β"Π (v'=7) state will probably be present 
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Figure 3 42 Schematic representation of the potential energ\ diagram of iele\ant NO 

transitions The curves are taken jrom Brugman [1] The energy curves of the €2Π and D2Z* 

state nearly coincide The vibrational energy levels on the left hand side and on the right 

hand side correspond to the C Π and D 2* state, respectively 

Figure 3 4 1b displays the dispersion spectra of excited NO in a Ντ environment Already at 

moderate pressures (P>5 bars) fluorescence is present only from the Α"Σ+ (v'=0) state and 

some from the Α Σ + (v'=l) state The following processes are taking place according to Luque 

et al [5] 

Μ ? ( χ 2 Π ( ν " = 1 ) ) + hv Νθ{θ2Σ+(ν'=0)) 

No(z>2z+(v'=o)) + Λ ^ Χ ' ς ; ) Ν0{Χ2Π) + Ν^Α'Σΐ) 

Νθ{χ2η) + Ν 2 (Α 5 ς;) -> NO{A2L+) + Λ ^ Χ ' ς ; ) 

ΝΟ{Α2ς*) Νθ{χ2π) hv 

The first process is the excitation of NO to the 0"Σ + state The second process is the collision 

induced energy transfer trom the NO 0 2 Σ + state to the Ντ Α^Σ,/ state, which is the only Ni 

energy state lying low enough to make resonant energy transfer possible During the third step 

the excited N2 molecule collides with a ground state NO molecule which results in Α"Σ+ state 
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NO During the last step the NO decays to the electronic ground state, which is seen in figure 
3 4 1 b by the detected fluorescence 
In the second and third step a spin conversion of the Ντ molecules takes place A magnetic 
interaction is needed to accomplish such a conversion The interaction should be fast enough 
so that no fluorescence can occur Irom the NO D"Z+ state, as well as from the Α"Σ+ (v'=3) and 
C2n (v'=0) states after possible EET from the D2Z+ state via the Β2Π (v'=7) state as discussed 
above It is not sure that during the collisions of the polar NO molecule with the non-polar N? 
molecules the magnetic interactions that could convert the electron spin in the N2 molecules 
are sufficiently strong In addition, the chance of collision between excited state Ντ and 
ground state NO molecules is small in comparison with collisions between ground state N2 
and excited state NO molecules 
Because of the two reasons mentioned above, it may be more likely that collisions between 
Α2Σ+ (v'=3) state NO molecules and N2 molecules cause a Vibrational Energy Transfer (VET) 
to the Α2Σ+ (v'=l) and Α2Σ+ (v'=()) states, meanwhile vibrationally exciting the Ντ ('Σ/) 
molecules The difference between the vibrational energy levels of the NO Α"Σ+ state is 
almost equal to that of the N2 'Σ 6

+ state (for N2 Cub = 2358 57 cm ' and for NO (ue = 2374,31 
cm ' [61), which is of course in favor for the vibrational energy exchange This VET causes a 
drain from the 02Σ+ (v'=0) state of NO towards the Α2Σ+ (v'=0,l) state via the Β2Π (v'=7) 
state, without any necessary electron spin conversion in the Ντ molecules Because of the fast 
Rotational Energy Transfer (RET) in the Β2Π (v'=7) state and the drain that exists from the 
high rotational levels in the Β2Π (v'=7) state to the Α"Σ+ (v'=3) state, the EET from the low 
rotational levels of the Β2Π (v'=7) state to the C 2n (v'=0) state vanishes This would explain 
the fluorescence spectra of figure 3 4 1b. Only fluorescence from the Α"Σ+ (v'=0,l) state is 
detected at high pressures 

From these data it might be concluded that in an environment with an excess of N2 
depopulation of 0 2Σ+ (v'=0) state NO by EET is caused by collisions with mainly one kind of 
collision partner N2 In engine combustion an excess of N2 is present, so that fast Ni induced 
EET to the Α2Σ+ state will take place after exciting NO to the 0"Σ+ state The assumption of a 
single collision partner that is responsible for the non-radiative decay of the NO molecules, 
would substantially simplify the EET and quenching correction for NO LIF measurements 
(see chapter 4 2) The collision induced part of the total transition probability for the 
depopulation of the NO 0"Σ+ (v'=0) state could then be considered to only depend on the 
product of the collision cross section of N2, the temperature and the pressure and not on a 
summation of the products of these quantities for several collision partners [3] So, if the LIF 
signals only have to be corrected for qualitatively, the correction could be completed by just 
correcting for the temperature and pressure No collision particle properties, like the collision 
cross sections, would be needed to complete the correction 
The temperature dependence of the N2 cross section has not been taken into account in the 
simplified correction procedure that is applied in chapter 4 For the quenching of the NO Α"Σ+ 

(v^O) state the cross section of N2 increases about a factor 2 for a temperature increasing 
from 900 to 1400 Κ [7] (in the range of the mean gas temperature in the DAF engine) The 
cross sections of O2 and NO remain rather constant at a temperature variation from 200 to 
2500 Κ [8] and the cross sections of H2O and CO2 first decrease and remain constant from 
about 800 Κ to higher temperatures [7,8] For the NO 0"Σ+ (v'=0) state probably no large 
temperature dependencies of the quenching cross sections will be present too In spite of the 
large EET decay channel existing from the NO 0 2 Σ + (v'=0) state to the ground state via the 
Α'Σ+ state in the presence of N2, the assumption that other, less abundant molecules do not 
contribute significantly to quenching or EET to other electronic energy levels is questionable 
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The NO (02Σ+, ν =0) quenching cross section of CO2 is about 1 5 order of magnitude larger 
than the cross section of N2 [9] whereas the N2 amount present in combustion is about one 
order of magnitude larger than the CO2 amount (chapter 4, section 4 2 2) This means that the 
quenching of NO by COT cannot be neglected at all in combustion compared to the quenching 
byN^ 
The cross section of the quenching of the NO Α2Σ+ (v'=0) state by H2O is about 2 orders of 
magnitude larger than the quenching cross section of N2 in the temperature range from 900 to 
1400 Κ [7,8] NO and COi quench the NO A ^ + (v =0) state with a rate of the same order of 
magnitude as HiO does in the temperature range from 600 to 2000 K, their quenching cross 
sections are almost equal within the range of about twice their values [7,8] Polar molecules 
like NO, CO2 and SO^ quench NO (Α2Σ+ ν =0) and (02Σ+, ν =0) with a rate of the same order 
of magnitude, the cross sections for the quenching of the D Σ+ (ν =0) state molecules being 
almost twice as large as those for quenching ol the Α"Σ+ (ν =0) state molecules [9] It might be 
concluded that also H2O quenches the NO (ϋ"Σ+, v=0) with a rate of the same order of 
magnitude as it does the Α"Σ+ (ν =0) state It is plausible that polar molecules influence the 
dipolar NO molecules, compared to a non-polar molecule like N2, already on long range 
distance, independently Irom the electronic energy state of the NO molecule If so the NO 
(Ό"Σ+, ν =0) quenching cross section of H->0 will be about one order of magnitude larger than 
the cross section of N2 In that case, the influence of the quenching of NO by H2O cannot be 
ignored in combustion in engines even though the N2 amount present is about one order of 
magnitude larger than the H->0 amount (Chapter 4, section 4 2 2), 

Often the Α'Σ* state is being used to study NO spectroscopically The cross section for the 
quenching of the NO (ΑΊΣ+, v'=0) by N2 is much smaller than for the ΟΣ* (ν =0) state [7,9] 
if the Α"Σ+ state is excited from the ground state with 226 nm laser radiation, there is no EET 
decay channel present to another lower electronic state, because no such state exists (except 
for the ground state) This means that various molecules will be responsible for the quenching 
of the excited Α2Σ+ state to the ground state As shown above, the approximation that only 
one collision partner dominates EET is probably not correct, but the application of a 
simplified correction for the quenching of the fluorescence from the Α2Σ+ state, assuming no 
correction needed for specific collision particle properties, gives a good agreement with the 
results of a more detailed calculation procedure described in chapter 4 (section 4 2 2) in which 
both N2 and H2O are taken into account 

3.5 Investigation of spectral interference between NO and oxygen 

If measurements on NO are performed using the D Σ+ (v=0) <— Χ"Π (ν =1) transition for 
excitation, Οι is, if present of course, simultaneously excited in the B ^ u <— X ^ t Schumann-
Runge band system In diesel combustion in engines oxygen is always present in excess To 
be sure that solely fluorescence of NO is detected and not the fluorescence of O2 as well, 
measurements need to be performed to investigate the spectral interference between NO and 
OT A mixture of 500 ppm NO in air has been used to perform these measurements The 
mixture is kept at a pressure of 2 bar and a temperature of approximately 920 Κ in the cell 
discussed in section 3 2 The cell has been slightly modified the original heating element has 
been replaced by a ceramic cylinder with a kantal wire wrapped helically in the inner wall 
The ArF excimer laser wavelength is tuned from 51525 5 to 51800 9 cm ' The fluorescence 
is dispersed and detected in the range from 200 to 230 nm So-called excitation-emission 
spectra have been measured on the horizontal axis the laser excitation wavelength and on the 
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vertical axis the dispersed fluorescence signal is displayed Figure 3 5 1 below shows an 
example of such an excitation-emission spectrum 
The fluorescence from the NO D"Z+ (v'=0) —» Χ"Π (v"=3) transition is centered at 209 nm 
To be sure that there is no interference present at 209 nm between the O: and NO 
fluorescence during excitation using a laser wavelength ranging from 193 047 to 193 854 nm, 
the excitation-emission spectra are studied both in excitation and in dispersion For instance, 
if no O2 transitions are present in the excitation spectrum measured at 209 nm, the 
fluorescence signal at 209 nm is not caused by oxygen excitation Vice versa, it no O2 
fluorescence signal is present at 209 nm in the fluorescence dispersion spectra, while exciting 
O2, no spectral interference is present between O2 and NO at 209 nm 
In figure 3 5 2 three excitation spectra extracted from an excitation-dispersion spectrum are 
displayed, which are integrated over a specific fluorescence band (see figure caption) Only 
NO and no O2 transitions are present in the excitation spectrum in figure 3 5 2b This implies 
that O2 does not interfere at all with the NO D2Z+ (v'=0) -> Χ2Π (ν '=3) fluorescence band at 
209 nm for the entire excitation wavelength region over which the excimer laser can be 
scanned (in any case for Τ =£ 920 Κ and Ρ ^ 2 8 bar) The O2 spectra are assigned using data 
from Shimauchi et al [10] and Kim et al [11] 

Figure 3 5 3 shows fluorescence spectra of NO and O2 O2 is excited in the different 
vibrational bands that occur in the excitation-emission spectrum (see figure caption) There is 
no O2 fluorescence present at 209 nm in the figures b and c, the wavelength where NO 
fluoresces in the D2Z+ (v'=0) —> Χ2Π (v"=3) band Only NO fluoresces at 209 nm, as can be 
seen by the excitation of NO via the Ri(23 5) transition in figure a So not only from the 
excitation spectra (figure 3 5 2), but also from the fluorescence spectra (figure 3 5 3 ) it has 
been demonstrated that there is no interference at 209 nm between NO and O? It can be seen 
in figures 3 5 1 and 3 5 3 that also the lower wavelength side of the NO D Σ+ (v'=0) —» Χ'Π 
(v"=4) fluorescence band is free of any O2 interference Consequently the NO D"Z+ (v'=()) —» 
Χ2Π (v"=4) fluorescence band can be used for NO detection in an O2 neighborhood as well 
The contribution of the O2 interference at the higher wavelength side of the NO fluorescence 
peak can be corrected for by using a fitting procedure to reveal both the NO and O2 
fluorescence signals 
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Figure 3.5.1: An excitation-emission spectrum with horizontally the excitation frequency from 
51730.0 to 51672.7 cm' and vertically the dispersed fluorescence from 200 to 230 nm. The 
assignment of the NO and Οι transitions is shown in the upper part in the excitation spectra 
a), b) and c) with its corresponding vibrational energy levels (ν',ν"). 

Spectrum a) arises from integration over the fluorescence wavelength range from 204.75 to 
206.47 nm, bjfrom integration over 207.83 to 209.97 nm and cjfrom 217.65 to 218.16 nm. 
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Figure 3.5.2: Excitation spectra derived from the excitation-dispersion spectrum integrated 

over the following fluorescence bands: 

a. O2 ^^'(^=14,15,16) ->X3Tg (v"=7), integrated over the range 217.4 to 218.1 nm 

All excitations originate from O2 D Σ,,' (v'=14,15,16) <— X' Zg (v"=3) transitions. 

b. NOD2? (ν'=0)->Χ2Π(ν"=3), integrated over the range 207.1 to 209.5 nm 

All excitations originate from NO D Σ? (v'=0) <—ΧΠ(ν"-1) transitions. 

e. O2 tfZu' (v'=10) -> XJZg (v"=4), integrated over the range 203.8 to 206.5 nm 

All excitations originate from O2 Β Σ„~ (v'=ÌO) <— X Lg (ν"=2) transitions. 
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Figure 3.5.3: Fluorescence spectra arising from the excitation-emission spectrum integrated 
over: 
a. The excitation wavelength range from 51655.0 to 51657.8 cm' : NO excitation via the 

Ri(23.5) transition in the D2? (v'=0) <Γ-Χ2Π(ν"=1) band 

b. The excitation wavelength range from 51736.1 to 51757.8 cm : O2 excitation via the 

P,.2.3(15) and the Ρ,,2(5) transitions in the B3!,, (v'=14) <- X% (v"=3) and B3^; (v'=15) 

<— Χ Σχ (v"=3) bands respectively. 

c. The excitation wavelength range from 51704.1 to 51711.5 cm' : O2 excitation via the 

Ri,2(17) and Ρ 1,2(15) transitions in the B3XU' (v'=10) <- Χ3ΣΧ (v"-2) band 

The dark gray bar indicates the lower wavelength part of the NO fluorescence D 2* (v'=0) —l· 

Χ Π (v"=4) band free of interference with O2 fluorescence, while the light gray bar indicates 

the higher wavelength part of the NO fluorescence band interfering with the O2 fluorescence. 
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3.6 A new high pressure, high temperature cell used for the development of 
an oxygen thermometer 

In order to remedy the shortcomings of the cell described in section 3.2 a new high pressure, 

high temperature cell was designed and constructed as shown in figure 3.6.1. 

.rrp —r. τίτι 
' ' l 'i ra ' ' | Ϊ Γ ' 

k . ' ^ ' < 

Figure 3.6.1: Cross section of the high temperature-pressure cell, with: 

a - quartz chamber g - suprasil window in steel cylinder 
b - capillary h - window holder 

c - suprasil windows in quartz chamber i - isolation 
d - upper lid j - oven 
e - lower lid k - thermocouple indent 

ƒ - steel cylinder I - current connector 
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The cell consists of one quartz chamber (a) plated in an outer closed volume, referred to as 
probe gas volume and buffer gas volume, respectively The probe gas volume is filled with 
the gas to be studied through the capillary (b) Because this inner cell consists of quartz, 
corrosive gases can be kept in it minimizing adsorption or chemical reactions The outer 
buffer gas volume is filled with a buffer gas, for example N: or Ar, maintaining equal 
pressures in the probe and buffer volume to prevent the quartz cell from ex- or imploding A 
kind of buffer gas has to be chosen that cannot be excited by the laser radiation, otherwise the 
part of the laser power that reaches the quartz inner cell may not be constant for different 
filling pressures of the cell 
Three UV transparent suprasil quartz windows (c) are mounted in the sides of the quartz cell 
Two oppositely placed windows allow transmission of the UV laser light through the cell and 
the window placed perpendicular to the other windows is used for fluorescence observation 
The upper (d) and lower (e) parts of the outer cell consist of aluminum lids bolted on a steel 
cylinder (f) and sealed with an O-nng In the steel cylinder three quartz windows (g) are 
placed in the same position and for the same reason as in the inner quartz cell The windows 
are mounted in special window holders (h) which are placed within the steel cylinder wall 
The cell is filled with isolation material (i) to prevent heat loss from the hot gas to the 
environment via the steel cylinder If the gas is heated to a temperature of 1140 Κ at a 
pressure of 100 bar the window holders reach an equilibrium temperature of 470 K, as 
measured at the outside 
For heating the quartz cell a ceramic oven (j) is used, with kantal heating wires wrapped 
helically around the quartz probe cell Between the quartz cell and the kantal wires an iron 
shield is inserted (not shown in figure 3 6 1) to prevent destruction of most components 
present in the cell if a mistake is made in the filling procedure of the cell resulting in an im-
or explosion of the quartz cell 
It is not possible to directly measure the temperature of the gas in the quartz cell by the use of 
thermocouples, since the thermocouple itself or the wire to it should have to pass the quartz 
cell wall with a high risk of gas leaking out or into the quartz cell under the extreme pressure 
and temperature conditions which might occur Thus the temperature of the probed gas within 
the quartz cell is estimated by placing thermocouples in two little indents (k) made in the 
quartz chamber near the position where the laser beam traverses the quartz cell and where the 
fluorescence from the probed molecules is detected The indents improve the heat exchange 
between the hot probe gas in the quartz cell and the thermocouple outside The temperature of 
the oven is measured by two thermocouples put in the isolation layers close to the oven 
filament and is read out by a Eurotherm 900 EPC temperature regulator The temperature of 
the filament is approximately 100 Κ higher than the temperature measured close to the 
filament 
Because the measurements are done at high pressures (up to 100 bar) special electric current 
connectors (1) have been installed to be able to supply the power to the oven (220 V, 25 A) 

In order to measure non-intrusively the gas temperature locally in an engine combustion 
chamber, it would be very relevant to develop a temperature measurement technique using 
laser diagnostic techniques A laser technique often used for temperature determination in 
high temperature environments is Coherent Anti-Stokes Raman Spectroscopy (CARS) [12] 
However, CARS cannot be used in diesel engine combustion because the special alignment 
needed cannot be applied since the constantly changing large temperature and density 
gradients during the combustion process cause a fluctuating deflection of the laser beam 
Besides this, the limited access in the combustion chamber also prevents a proper alignment 
An alternative laser diagnostic technique that may be used to achieve this goal is Laser 
Induced Predissociation Fluorescence (LIPF) using a (high power) tunable ArF excimer laser 
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to excite O2 in the Β Xu <— Χ Σ ρ Schumann-Runge band O2 is always present in excess in 
diesel combustion in engines and the excited O? dissociates very fast into separate Ο atoms in 
the order of picoseconds [11] In fact this predissociation is so fast that it is hardly affected by 
collisional quenching and electronic energy transfer Because the predissociation rate is 
known tor the energy levels concerned, Οι might be used as a temperature indicator using so-
called two-line thermometry Gnnstead et al [13,14] applied two-line thermometry using 248 
nm KrF excimer laser radiation to excite O2 It involves the simultaneous excitation of two 
separate transitions from different vibrational levels in the electronic ground state (see figure 
3 6 1 a for 193 nm excitation) The distance in wavelength between the two transitions has to 
be smaller than the bandwidth of the laser radiation used in order to excite both transitions 
simultaneously Gnnstead et al used the ΒλΣα (v'=0) <—X^Zg (v'=6) and the B'XU (v'=2) <— 
X Xg (v"=7) transitions in the Schumann-Runge band To our knowledge, the expenments 
reported in this section are the first measurements applying the two-line thermometry method 
using an ArF excimer laser to excite O2 in the B^Zy (v'=IO) <— X^g (v"=2) and the B3ZU 

(ν'=Ι4, 15, 16) <— Χ Σ 8 (v"=3) bands simultaneously One has to keep in mind that the 
population present in a given vibrational state is temperature dependent and the molecules are 
distributed over the vibrational states described by the Boltzmann distribution law The 
fluorescence onginating trom the different vibrational levels in the excited electronic state is 
detected (figure 3 6 2b) The relative strength of the fluorescence signals S| and S2 
originating from the excitation of two different vibrational states can be used as a measure for 
the (vibrational) temperature of the ground state O2 molecules The ratio of these fluorescence 
intensities can be written as [15] 

zL· 
S q Β.2ΛΓ ) (27, +!)<?"• SV, Σ, , 5 , ,-Μ", ) 

S ~ ^ ' 
2 q R](r ) ( 2 y , + l ) e t 7 " 5 V 2 Z , , 5 , ) M w , ) 

with 

£2 - £/ energy difference between the two ground state rovibrational levels 
Sj) Honl-London factor for the rotational transition between states j ' and j " 

qvv Franck-Condon factor for the (v'-v") band 

Re(rvv ) electronic transition moment 
SV Stem-Vollmer factor 

b(v) line shape factor 

k Boltzmann constant 

J1, J2 rotational quantum numbers 
w/, wi excitation wavelengths 

From this equation the temperature Τ can be derived in terms of strengths of the fluorescence 
intensities and known molecular constants 

T = Ei~E\ (3 2) 

n 5 2 V ] Ä (
2 ( r iVi)5V1(271 + 1 ) Σ „ S, ,.*>(",) 

According to Nguyen et al [16] using laser radiation of 248 nm the two-line thermometry 
method can be extremely challenging if not impossible when applying two in time separated 
laser pulses in rapid succession to excite the O2 molecules in different vibrational bands In 
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order to minimize the photobleaching effect laser irradiances have to be kept low, which in 
combination with the relatively poor fluorescence quantum yield of predi ssociated molecular 
systems cause relatively weak signals The use of two in time separated laser pulses is not 
suitable for an unstable medium (e g combustion in an engine where temperature changes 
take place) the population ot the levels from which the excitation takes place can be changed 
during the time between the two laser pulses This means that only in case of simultaneous 
excitations the relative strength of the fluorescence signals S ι and S2 is a reliable measure for 
the (vibrational) temperature of the ground state molecules In the measurements discussed in 
this chapter only laser radiation of 193 nm is used for excitation of the O2 molecules The 
fluorescence signals are much stronger when using 193 nm in stead of 248 nm for excitation, 
because excitation takes place out of lower vibrational energy levels, which are much more 
populated according to the Boltzmann distribution law 

Table 3 6 1 gives the coincidences that can be used for the two-line thermometry tound by the 
research performed with the new cell [15] 

Table 3 6 1 Posuble coincidences Jor smultuneous excitation for two-line thermometn, 

1 

2 

3 

4 

O2 excitations 

(v 
(v 

(v 

( v 

( v 

(v 

(v 
(v 

= 16, v"=3)R|(19)& 
= 10,v"=2)R 1 2(17) 

= 14,v"=3)R2(l)& 
= 10, v"=2)Ri2(17) 

= 15,v , , =3)P|(15)& 
= 10, v ' ^ ) Ρ, 2(17) 

= 14, v"=3)P2 3 (7)& 

= 10,v"=2)Rm(19) 

Excitation 
wavelength 
(cm 1 ) 
51744 

51741 

51704 

51684 

Distance 
between line 
centers (cm ') 

2 5 ± 0 1 

2 0 ± 0 . 1 

1 0 ± 0 1 

2 7 ± 0 3 

Franck-Condon factors 

1 115 1 0 2 & 

8.608 10 ' 

1.711 1 0 2 & 

8 608 10 1 

1 405 10 2 & 

8 608 10 1 

1 711 1 0 2 & 

8 608 10 ' 

Coincidences 1 and 2 share the same Ri 2(17) excitation, coincidence 4 actually overlaps with 
some other excitations which are not expected to contribute significantly to the observed 
fluorescence Coincidence 3 is probably the most useful one, because of the line spacing 
Using 248 nm laser radiation Gnnstead et al [14] used the P(13) transition in the B ' I U (V'=0) 
<^X\ (v"=6) band and the R( l l ) transition in the B'lu (V'=2) <-X'Zg (v"=7) band which 
overlap each other within ± 0 05 cm ', which is much better than the transitions in the 193 nm 
case (see table 3 6 1) In the case of a laser bandwidth of 1 cm ' only coincidence 3 can be 
used without the need to scan the laser over a certain wavelength region If laser scanning is 
not necessary, because of almost perfect spectral overlap ot the transitions within the laser 
bandwidth, the measurement can be performed much faster Laser scanning would induce the 
same problems as discussed above when using time separated laser pulses 
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Figure 3.6.2: a) Schematic energy diagram for two-line thermometry of Oy and b) its 
corresponding dispersed fluorescence signal. The laser beam excites the O2 molecules 
simultaneously in different vibrational bands. The gray fluorescence peaks can be used for 
temperature determination. 
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Figure 3 6 3 shows a comparison of two O? excitation spectra corresponding with coincidence 
1 in table 3 6 1 measured in the high pressure, high temperature cell at a temperature of about 
1025 Κ and a pressure of 4 bar The measured curves show much noise, because of an 
electronic timing problem between the oscillator and amplifier discharges in the excimer 
laser After deconvoluting the (v'=16, v"=3) R|(19) and the (v'=10, v"=2) R, 2(17) excitation 
lines with the laser bandwidth an estimate of the gas temperature can be made Assuming the 
fluorescence yield at the Ri(19) excitation line being situated within the indicated gray area 
the temperature was calculated to be between 1150 Κ at the lower and 1450 Κ at the higher 
limit This result seems too high in view of the measured temperature of 1025 Κ in the indents 
made in the quartz chamber The temperature inside the quartz chamber might, however, be 
higher than the temperature measured outside Another reason that might explain the high 
temperature is the fact that the excitation lines are broader than they should be according to 
the known predissociation rates Probably the excitation lines are also broadened by 
(in)elastic collisions of the molecules, which is not incorporated in the calculation It was 
found by Sick et al f 17] that even at moderate pressures colhsional processes in the Β Zu 

state play an important role in the LIF experiments, even slightly above atmospheric pressure 
the collisions influence the fluorescence Sick et al monitored fluorescence from the lower 
vibrational states ν =0 and 2, while in the present expenment fluorescence trom the states 
v'=10, 14, 15 and 16 is delected 

Using coincidence 1 in the table 3 6 1 and the fluorescence detected from the (v=16, ν"=Π) 
and the (v'=10, v"=12) Schumann-Runge band transitions, the temperature was determined to 
be 1904 ± 48 Κ in an acetylene flame [15] Using the same coincidence and the fluorescence 
detected from the (v-16, v"=18) and the (v = 10, v"=17) bands the temperature was found to 
be 1826 ± 55 Κ The experimental accuracies were obtained by fitting the data with a chi-
square minimization fit The expected value of the temperature should lie in the interval 1700 
- 2300 K, the temperature at the edge of the flame [18,19] Thus, the temperature determined 
using the two-line thermometry method seems not in disagreement with the real flame 
temperature The final goal would be to determine the temperature using Planar LIPF (PLIPF) 
using a laser sheet to acquire two-dimensional temperature distributions Further research is 
needed to be able to perform such state of the art measurements 
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Figure 3.6.3 Comparison of two excitation spectra: the lower one corresponds to the (v'=16, 
v"=3) Ri(l9) transition and the upper one to the (v'=I0, v"=2) Ri2(17) transitions (an 
interference between the Ri(17) and R2(17) lines). The excitation spectrum of the (v'=16, 
v"=3) Ri(19) transition was measured by detecting the fluorescence from the <v'=I6, v"=I6) 
band and of the (v'=lO, v"=2) Ri2(17) transitions from the (v'=10, v"=15) band. The solid 
lines result from calculation using known spectroscopic constants as line positions, Franck-
Condon factors et cetera. A linewidlh of almost 1 cm' larger than the predissociation 
linewidth had to be used to match the calculated with the measured spectra. Variation 
through the gray zone of the solid line that is drawn through the Ri(l9) excitation spectrum 
results in a temperature variation from 1150 to 1450 Κ calculated using equation (2). 
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CHAPTER 4 

Nitric oxide measurements in a direct injection two-stroke diesel 
engine 

4.1 Introduction 

Nitric oxide measurements have been performed in a direct injection two-stroke Sachs diesel 
engine. This engine (see figure 4.1.1) has been made optically accessible by mounting three 
quartz windows in the side and one in the top of the cylinder head. For an extensive 
description of the engine and its characteristics see Stoffels et al. [1]. This chapter treats 
measurements of NO in the combustion chamber by Laser Induced Fluorescence (LIF). The 
measurements are performed using the NO Α"Σ+(ν'=0) <— Χ"Π (v"=0) transition in the 226 
nm wavelength range. The results are compared with measurements on the NO D~E+(v'=0) 
<— Χ2Π (v'=l) transition in the 193 nm range [2]. 

Figure 4.1.1: The combustion chamber of the two-stroke, single-cylinder, Dì diesel, modified 
Sachs engine with Bore: 81 mm 
I: injector Stroke: 80 mm 
P: piston Volume: 412 cc 
CH: cylinder head Injection: 27° bTDC (static) 
SW: side window Exhaust open: 105° aTDC 
TW: top window Inlet open: 121° aTDC 

Fuel: Production diesel. 

Figure 4.1.2 displays the pressure, the heat release and the mean gas temperature curves as a 
function of crank angle for the two-stroke engine. The start of injection and the opening of the 
exhaust port are indicated. For a more elaborated description see [1]. 
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Figure 4 12a) ln-c\linder pressure, b) heat release (m Joule per degree crank angle) and c) 
mean gas temperature dem ed from the heat release The engine was loaded bv 0 44 kW at 
1200 rpm at a compression ratio of 14 4 and running on a commercial diesel fuel (for further 
specifications fuel number 1 [I]) 

Two types of NO excitation-detection setups have been used (see figure 4 13) In both cases a 
monochromator combined with an intensified CCD camera has been used for the fluorescence 
detection (similar detection apparatus as in chapter 3) A Nd YAG-pumped pulsed dye laser 
(Continuum Powerhte 9010 @ 355nm Λ Physik Scanmate 3 @ Coumann 47) has been used 
to perform the measurements using 226 nm laser radiation Section 4 2 I describes the NO 
fluorescence measurements performed with laser excitation in the 226 nm range, while the 
laser beam enters the combustion chamber through the top window and the fluorescence is 
detected through the top window W3 as well In section 4 2 2 two different approximations to 
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correct the raw NO fluorescence signal for quenching and EET are compared with each other 
Section 4 2 3 shows measurements also performed with 226 nm excitation, but now the laser 
beam traverses the engine through the side windows Wl and W2, the fluorescence is still 
detected through the top window In section 4 3 the results obtained using 193 nm excitation 
[2] and 226 nm excitation are compared to each other The conclusions will finally be 
desenbed in section 4 4 

Figure 4 13 The two excitation schemes used top window and side vimdon excitation 

4.2 NO measurements performed using the Α Σ+ «- Χ Π transition 

When using 226 nm laser radiation, NO is excited from the ground electronic state to the first 
excited electronic state the Α"Σ+(ν'=0) <— Χ2Π (v"=0) transition (γ bands) For these 
experiments the coinciding Qi+P2i(13) and R2(15) transitions were used at a wavelength of 
226 073 nm According to Di Rosa et al [3] hardly any oxygen compared with the amount of 
NO is excited at this wavelength Indeed, no oxygen has ever been detected in our NO 
dispersion spectra using this specific laser wavelength 

4.2.1 NO excitation and detection through the top window 

Fluorescence spectra recorded with the laser beam and the detected fluorescence both 
traversing the top window are shown as a function of crank angle in figure 4 2 11 The 
spectra are accumulated over 25 engine cycles, and cover the range of 238 - 270 nm, which 
includes the A (v^O) -» X (v"=2) band at 247 nm and the A (v^O) -> X (v"=3) band at 259 
nm The slope of the background originates from the elastic scattering of the laser frequency 
As can be seen NO signals are clearly visible at all crank angles from 10e bTDC onwards 
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Figure 4.2.1.1: Dispersed fluorescence spectra recorded through the top window oj the 
running two-stroke engine. The gray bars indicate the position of the A (v'-O) —> X (v"-2,3) 
bands of NO. 

From these fluorescence spectra one can determine the relative NO density as a function of 
crank angle. Hereto, the raw fluorescence signals need to be processed for several effects. The 
fluorescence signal Smfz) originating from a position ζ is proportional to the local laser 
intensity I(z) as a function of the distance ζ from the top window in the combustion chamber, 
the NO density pNo, the effective fluorescence yield q which accommodates non-radiative 
decay of excited NO molecules due to collisions with other molecules, the attenuation of the 
fluorescence F(z) on its way to the detection window, the Boltzmann factor fj(T) and the 
overlap integral g(Â) which accounts for the spectral overlap between the laser bandwidth and 
the actual width of the NO absorption line: 

SUF(z)^nz)-pNOqF(z)fvJ(T)ga). (4.1) 

In figure 4.2.1.2 the effect of all these different processings on the raw fluorescence signal 
(•-curve) are depicted step by step. The B-curve in the figure shows the influence of the non-
radiative decay caused by collisions of the excited NO molecules with other molecules. The 
relative effective fluorescence yield as a function of crank angle was calculated using the 
approximation: 

q(P,T) = ^y, (4.2) 
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Figure 4.2.1.2: NO fluorescence intensities as a function of crank angle (excitation and 

detection through the top window) and the corresponding NO densities (Φ-curve). The raw 

signal (+-curve A) is successively processed for non-radiative decay caused by collisions (•-

curve B), excitation efficiency (Α-curve C), Boltzmann fraction (tt-curve D) and finally the 

attenuation of the laser beam and fluorescence radiation (Φ-curve E). All cun'es are scaled 

to each other at 108° aTDC. 

where Ρ is the total pressure in the combustion chamber and Τ the temperature. This 
approximation is derived from the expression for the total transition probability [4], which is a 
sum of the radiative and the collision-induced probabilities: 

A, =5>;? + Af = 
f \ λ 

l<r; partial 
(4.3) 

with τψ the radiative lifetime of the excited state, pi'""'"1 the partial pressure of collision 

partner j , a[ = ΙσΚΙ/πμ^Τ)"2 with σ,1 the collision cross section of s, μ, the reduced 

mass of the colliding molecules under consideration and k the Boltzmann constant. The 

product al ρ1"'"'"' is summed over all different colliding species. The fluorescence yield 

equals: 

q{P,T)= 
ΣΚ raä + jçn 

(4.4) 

where A""1 corresponds to the detected fluorescence band and '^A""' to the summation over 

all fluorescence bands. Combining equations 4.3 and 4.4 shows that the Stern-Vollmer factor 
equals: 
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, . A""i A"·" Vf 
q{PJ) = S^\KM " "Ρ " ^ ' ( 4 5 ) 

^ ' N v τ /I, /I, V 1 " ν ρ partial 

from which equation 4 2 can be derived with the assumption that all colliding species have the 

same effect on the quenching and EET, so that the ratio o'J^Jiis the same for all 

molecules, and that the cross section is not temperature dependent If only one species is 
dominant in the quenching and EET the same approximation can be applied A more detailed 
calculation (which however, yields comparable results) is discussed in the next section 

The Α-curve in figure 4 2 12 displays the influence of the finite bandwidths of the laser and 
the NO absorption line The absorption linewidth is pressure and temperature dependent, so 
during the engine stroke the overlap integral g(Â) changes When assuming Gaussian line 
shapes the overlap integral can be approximated as [1] 

1 (4 6) g(yL,va)=\L(y-vL)N(y-va)dv « — = 

with L and Ν the line profiles for the laser radiation and NO absorption, respectively. Δ/ the 

laser linewidth of approximately 0 3 cm and Δ,, the NO absorption linewidth calculated 
using the results of Chang et al [5] and Vyrodov et al [6] 

= 0 583 Ρ 
' 2 9 5 ^ 

(4 7) 

with Ρ in atm and Τ in Κ This broadening of the linewidth is calculated assuming that the 
pressure broadening is dominated by NO-Ni collisions 

The temperature change throughout the combustion stroke gives rise to a population change 
of the ground state rotational level used for excitation, which is calculated using a Boltzmann 
distribution (the X-curve) 

Λ , β ( ? £ ± > ) „ „ ( - £ - } . (48) 
"J Ζ(Γ) kT 

where J is the rotational quantum number of the ground state level ot the relevant transition, 
Ej the ground state energy and Z(T) the partition function It turns out that for the ground state 
(v =0, J =15 5) of NO the net change in f^j(T) over the full engine cycle is only ca 20% 
when considering the variation of the gas temperature It should be noted that the gas 
temperature used in these calibration procedures is a mean gas temperature calculated from 
the pressure curve using thermodynamics Locally the gas temperature might reach much 
higher and lower values This is not taken into account in the processing, because the 
population of the probed state is not very sensitive for large temperature variations as will be 
shown later in this chapter There is still no fully developed technique available to measure 
the gas temperature locally within a running engine (see also chapter 3) 

Finally the attenuation of the laser beam through the combustion chamber and the attenuation 
of the fluorescence on its way to the detection window needs to be accounted for (the · -
curve) The laser beam attenuation can be described as follows 
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ILU) = Ι0εχρ{-]α(ζ·)ρΜ')}αζ·}, (4 9) 
ο 

with a the effective extinction cross section and p , the density of attenuating particles The 
fluorescence attenuation F(z) can be described in a similar way and, in combination with the 
formula above, it gives the following relation used to correct the raw N O fluorescence signal 
with [1] 

2f 'f 1 l-exp{-2äp"z„} 
[lL(z) F{z')dz'=I0 fexp{-2a psz'}dz' = = I0 ^ „ H' ' ' , (4 10) 

Jo Jo OCRs 2 

with z=0 the position at the detection window and z,, the position at the piston surface The 
spatially averaged value a ρ instead ot the local values a(z')ps(z') has been used, because the 
local extinction coefficients are not known and cannot be measured The double image 
method used by Stoffels et al [7] for the determination of these local extinction coefficients 
cannot be applied when exciting and detecting the N O through the top window 

The effect of all calibrations discussed above is displayed in figure 4 2 1 2 One has to keep in 
mind that the shape of the curves is the only meaningful result, not the absolute values For 
10° and 3° bTDC the transmission of the laser beam through the combustion chamber has 
been estimated, because no transmission measurements were performed tor these crank 
angles It should be noted, however, that even a transmission at these crank angles of 1000 
times worse than at 3° aTDC does not change the position of the maximum oi the curve The 
processing for the non-radiative decay, the excitation efficiency and the laser beam and 
fluorescence attenuation have a large effect on the raw fluorescence signal All calibrations 
have the tendency to increase the values close to top dead center more than those away from 
top dead center The fully corrected curve has a maximum between 3° bTDC and 3° aTDC 

To check the sensitivity of the shape of the N O density curve on the assumptions and 
conditions the temperature dependence of the NO colhsional cross section, the mean 
temperature, the N O absorption bandwidth and the attenuation of the laser beam and 
fluorescence were vaned For the quenching and EET processing procedure (equation 4 1 ) a 
temperature independence of the NO colhsional cross section is assumed in figure 4 2 1 2 
Figure 4 2 1 3 shows the fluorescence signal curve (B) corrected for quenching and EET 
using a temperature dependence of the colhsional cross section proportional to T 1 ' " (D-curve) 
and to Τ (+-curve) The shape of the curves does not change significantly compared to the 
curve where no temperature dependence of the cross section was assumed ( • curve) 
Additionally, two curves (D) are displayed processed successively for the temperature 
dependent quenching and EET, the excitation efficiency and the population of the vibrational 
ground state level, one assuming in the evaluation a temperature equal to the mean gas 
temperature (K-curve) and the other one assuming a temperature equal to the soot temperature 
(O-curve) The soot temperature is determined by fitting the dispersed natural flame emission 
spectrum, which originates mainly from glowing soot, with the spectrum emitted by a black 
body [1] The obtained soot temperature is higher than the mean gas temperature by 250 to 
750 Κ In spite of this considerable temperature difference the corresponding variation of the 
shape of the curves is negligible 
Figure 4 2 1 4 shows the effect of a relative transmission of the laser beam and fluorescence 
that is 4 times smaller ( x -curve) or larger (+-curve) than used for the curves in figure 
4 2 1 2 Even in this case the shape of the N O density curve (E) is not significantly altered by 
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changing the attenuation Extra curves (C) have been added obtained with an NO absorption 
bandwidth 5 times smaller (D-curve) and larger (O-curve) than the absorption bandwidth 
used As can be seen very clearly, the shapes of the curves remain almost unchanged while 
applying large variations to the conditions used for correcting the raw fluorescence signal 
The top of the curves are not displaced and only the slope of the curves change marginally 
The variation of the multiplication factor with crank angle to obtain the NO density curve out 
of the raw fluorescence signal reaches maximally a value of about 1000 causing a radical 
change of the shape of the measured fluorescence curve Figure 4 2 12 shows that the 
processing for the non-radiative decay and for the excitation efficiency have the largest effect 
in obtaining the NO density curve As will be seen in section 4 1, a change of temperature has 
a minor effect on the NO density curve The most important effect is caused by the pressure 
change during the stroke The pressure is measured quite accurately and any uncertainty, 
caused by an unknown deviation from reality of known constants, that might be present in the 
processing routine, will occur for all crank angles, so no large uncertainty will be present in 
obtaining the shape ot the NO density curve 

1000 

-20 0 20 40 60 80 100 120 

crank angle (0) 

Figure 4 2 13 NO fluorescence intensities as a function of crank angle The raw signal (•-

tune) is successiveh processed for the non-radiatne deca\ (M-curve), the excitation 

efficiency and the Boltzmann fraction (M-cune) as shown in figure 4 2 12 Extra curves have 

been added to visualize the effect of a collisional cross section dependence proportional to 

Τ (D- curve), to Τ (+-curve) and a processing using the soot temperature (O- curve) m 

stead of the mean gas temperature (M-curve) All curves are scaled to each other at 108° 

aTDC The curves indicated by the letters A, Β and D correspond to the curves from figure 

4 2 13 indicated by the same letters and symbols 
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Figure 4.2.1.4: NO fluorescence intensities as a function of crank angle. The raw signal (•-

curve) is successively processed for the non-radiative decay, the excitation efficiency (A-

curve), the Boltzmann fraction and the attenuation of the laser beam and fluorescence (Φ-

curve) as in figure 4.2.1.2. Extra curves have been added to visualize the effect of a NO 

absorption bandwidth 5 times smaller (D-curve), an absorption bandwidth 5 times larger (O-

curve), a relative transmission of the laser beam and fluorescence 4 times smaller ( X -curve) 

and a transmission 4 times larger (+-curve). All curves are scaled to each other at 108° 

aTDC. The curves indicated by the letters A, C and E correspond to the curves from figure 

4.2.1.3 indicated by the same letters and symbols. 
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4.2.2 The quenching and EET processing in detail 

In the procedure discussed in the preceding section the effects of quenching and EET on the 
NO fluorescence are simplified by the assumption that the quenching and EET are only 
pressure and temperature dependent, whereas the effect of the chemical composition of the 
gas mixture is ignored In this section it will be checked whether this simplification is 
acceptable The probability for quenching and EET of an excited molecule depends on the 
kind of particle with which it collides, through the colhsional cross section as, the relative 
velocity and the reduced mass μ The assumption is made that the NO molecules collide 
mostly with the majority species, O2, CO2, CO, H2O and N?, present in combustion Figure 
4 2 2 1 gives the number density of majority species as a function of crank angle in a specific 
part of the combustion chamber of a 4-stroke diesel engine with a compression ratio of 14 6, 
taken from Aoyagi et al [8] 
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Figure 4 2 2 1 Number density of main species in diesel engine combustion as a function of 

crank angle according to Aoyagi et al [8] 

The diesel engine and measurement conditions are not the same, but as large deviations are 
not expected the data can be used as an approximation The quenching and EET rates can be 
calculated as a function of crank angle using the data ot figure 4 2 2 1 combined with the 
quenching cross section data from Paul et al [9] and the mean gas temperature The results 
are presented in figure 4 2 2 2 Substituting these rate coefficients into the Stem-Volmer 
factor (equation 4 4), one obtains the fluorescence yield q by which the raw NO fluorescence 
signal has to be divided to determine the NO density Figure 4 2 2 3 shows the fluorescence 
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yield as a function of crank angle when the chemical composition as given in figure 4 2 2 1 is 
taken into account in comparison with the results from the simplified procedure using 
equation 4 1 It is very clear that both curves hardly differ, which leads to the conclusion that 
the procedure used in section 4 2 1 seems to be an acceptable simplification 
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Figure 4 2 2 2 Quenching plus EET rates as a Junction of crank angle obtained f mm species 
data from Aoyagi et al [8], quenching data from Paul el al [9] and using the gas 
temperature 
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Figure 4.2.2.3: The fluorescence yield obtained using the detailed processing procedure 
compared with the Τ /Ρ processing procedure discussed in section 4.2.1. The fluorescence 
yield as a function of crank angle is shown for both processing procedures. The curves are 
reseated to each other at 108° aTDC. 

4.2.3 2D NO fluorescence distributions 

NO fluorescence spectra have been recorded through the top window using a laser sheet for 
excitation parallel to the piston surface. Because of a slot in the piston the laser beam can 
traverse the combustion chamber even at top dead center. By the use of such a sheet the NO 
distribution in a plane beneath the top window can be studied. 
The monochromator, used in combination with the ICCD camera, is used in the so-called 
imaging mode: the entrance slit of the monochromator is maximally opened to a value of 
2000 μπι, so that 2D distributions of the elastically scattered laser radiation, so-called Mie 
scattering, and of NO fluorescence can be imaged through the top window and the 
monochromator. If one wants to retrieve the spatial two-dimensional NO fluorescence and 
Mie signal distributions from these measured images, the application of a deconvolution 
procedure to separate the spectral and spatial information is necessary as described by 
Tolboom er a/. [10]. 
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-10° 3° 12° 21° 40° 53° 65° 83° 108° 295° aTDC 

Figure 4.2.3.1 Simultaneously measured single shot Mie and NO images measured through 
the top window as a function of crank angle. The direction of the laser beam is given in figure 
4.2.3.2. The picture in the upper right shows the imaged part of the top window. Clearly, a 
part of the window mount can be seen in this picture. In the bottom images the NO can be 
seen from 12° aTDC onwards. The intensities of the NO fluorescence and of the Mie 
scattering images are rescaled to the same value, so that the intensities within one 
measurement series (NO or Mie) can be compared with each other. 

Figure 4.2.3.1 shows simultaneously measured Mie scattering and NO fluorescence 
distributions as a function of crank angle. Each result is obtained by just one laser pulse 
(single shot measurement), but data at different crank angles are taken in different strokes (the 
read out spread of the ICCD does not allow to record all data during one stroke). 
NO is detected from 12° aTDC onwards. It can be seen from the NO image at 295° aTDC, 
that there is still NO present in the combustion chamber after the closing of the inlet port 
because of insufficient scavenging. The NO amount at 295° aTDC appears to be high 
compared to the other crank angles when looking at the fluorescence images. But one has to 
realize that there is hardly any attenuation of the laser beam and fluorescence present at 295° 
aTDC, because no combustion is present yet. In addition, the temperature and pressure are 
low, so that quenching and EET are less efficient in the diminishing of the NO fluorescence 
signal. A small amount of NO will be present at the beginning of combustion due to this 
insufficient scavenging, but is not expected to influence the shape of the NO curves as a 
function of crank angle. 
The Mie scattering images show a decrease in the scattering signal from about 53° to 108° 
aTDC. This might be caused by a lack of scattering particles in the field of view or by 
absorption of the laser light before the laser beam reaches the field of view. The high intensity 
in the middle of the images is probably caused by an inhomogeneous distribution of the laser 
beam intensity. At 21° aTDC a high Mie signal intensity is present compared to images 
recorded at other crank angles, but a similar increase in intensity is not reflected in the NO 
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images. At 65° and 83° aTDC the NO fluorescence is less homogeneously distributed than the 
soot particles, which scatter the laser light resulting in the Mie images. Apparently, the NO 
molecules can be differently distributed over the combustion chamber than the soot particles. 
For a good comprehension of the images, figure 4.2.3.2 shows the direction of the diesel 
spray from the injector with regard to the laser beam direction. The laser sheet passes the 
combustion chamber underneath diesel spray number 3 and hits diesel sprays number 1 and 2. 
However, at the moment that the NO signals occur (see figure 4.2.3.1), no spray is present 
anymore. The diesel spray direction is different from the one used during the top window 
excitation measurements described in section 4.2.1: the spray parallel to the piston surface 
(number 3) and the one most downwards to the piston (number 1 ) have been interchanged. 
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Figure 4.2.3.2 The diesel spray in comparison with the laser beam direction for the NO 
excitation via the side window. 

The solid •-curve in figure 4.2.3.3 shows the raw fluorescence signal integrated over almost 
the entire field of view of the images shown in figure 4.2.3.1. It is successively processed for 
the non-radiative decay, the overlap integral, the Boltzmann fraction and the laser beam and 
fluorescence attenuation. Unfortunately, the detection limit of the measuring setup was not 
low enough to measure any significant NO fluorescence before 12° aTDC. The dashed +-
curve and O-curve represent the raw fluorescence signal and the result of the complete 
processing procedure integrated over 10 laser pulses, respectively. 
Because the laser beam probes different areas in the combustion chamber and the detected 
signal originates from different probed areas in the case of the top window excitation 
measurements compared to the side window excitation measurements (section 4.2.1), the 
applied data evaluation with respect to the attenuation of the laser beam and fluorescence is 
different for both cases. 
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Figure 4.2.3.3: NO fluorescence intensities as a function of crank angle (+-curve) (excitation 

through the side window and detection through the top window) and the corresponding NO 

densities (9-curve). The raw signal (+-turve) is successively processed for non-radiative 

decay caused by collisions (M-curve), plus excitation efficiency (Α-curve), plus Boltzmann 

fraction (H-curve) and finally plus the attenuation of the laser beam and fluorescence ( · -

curve). The solid curves are derived from single shot data. 

The dashed curves are derived from averaging over 10 laser pulses. Only the result of the 

complete processing procedure (O-curve) of the raw fluorescence signal (+-curve) is 

represented. All curves are scaled to each other at 108° aTDC. 

4.3 Comparison between the different NO measurement schemes 

In this section the NO density curves resulting from top window excitation obtained using a 

laser beam wavelength of 226 nm, presented in section 4.2.1, and the density curve of an 

earlier measurement using 193 nm for excitation [1] are compared. In these latter 

measurements the NO was excited according to the Ο2Σ+(ν"=0) <— X2II (v'=l) Rι(26.5) and 

Qi(32.5) transitions at a wavelength of 193.377 nm. Figure 4.3.1 displays the different NO 

density curves. In the measurements the same compression ratio and fuel spray direction were 

used, but different probe volumes were involved. While using 193 nm radiation the complete 

top window was irradiated, but in case of the 226 nm radiation only a small part of about 3x7 

mm2 of the top window was irradiated. 

The differences between the 193 nm and the 226 nm excitation NO density curves can easily 

be noticed from figure 4.3.1. The relative NO densities are scaled to each other at 108° aTDC. 

This scaling is chosen because sufficient mixing of the combustion gas can be expected at 

108° aTDC for the NO density to be independent on the probe volume. No large difference is 

observed in NO density in the range from about 30° to 108° aTDC, but a considerable 

difference by up to about a factor 30 is present below 30° aTDC. 
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Figure 4 3 1 NO densit\ curves after processing the LIF signals obtained using laser 

radiation of 226 nm (U-curve) and 193 nm (Α-cune [I]) and top wimfrm excitation and 

detection using the mean gas temperature in the data evaluations The apparent NO content, 

assuming the probed NO to be characteristic for the combustion chamber volume, is given for 

226 nm (Cl-curve) and for 193 nm (Δ-curve) excitation The curves are scaled to each other 

at 108° aTDC Note the logantmic ordinate 

Since the relative density curves in figure 4 3 1 (solid symbols) are derived from a limited 
probe volume in the combustion chamber that increases in size with increasing crank angle, 
part of the decline of the curves at larger crank angles is due to the expanding in-cylinder 
volume Under the assumption that the probe volume is representative for the whole cylinder 
contents, this contribution can be accounted for by multiplying the density by the in-cylinder 
volume, thus arriving at a measure for the total NO content within the cylinder These curves 
are included in figure 4 3 1 (open symbols), they will be referred to as "apparent NO content" 
The NO content should remain constant after the NO formation has finished [ 1] For the 193 
nm excitation case the apparent NO content decreases slightly with increasing crank angle 
after about 60° aTDC and for the 226 nm excitation case the apparent NO content decreases 
rapidly starting already just after top dead center until about 40° aTDC after which the NO 
content remains more or less constant This indicates that the NO density measured in the 
small probe volume is not representative for the NO density averaged over the entire 
combustion chamber Although, the decrease of the apparent NO content at large crank angles 
for the 193 nm excitation case can possibly also be a result of a conversion of NO into NO2 

In the present setup the probe volume is more or less cylindrical, with a vertical extent dp 

determined by the penetration depth of the laser radiation and, ultimately, the piston position 
(see figure 4 3 2) The gas present in the center of the combustion chamber is hotter than the 
gas in areas at the side of the combustion chamber, because of the heat exchange between the 
gas and the combustion chamber walls Consequently more NO will be produced in the hotter 
central area During the mixing of the combustion gas present in the central region with the 
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gas from the colder regions near the side walls of the combustion chamber, the NO density in 
the central area decreases faster than the combustion chamber volume increases, resulting in a 
decrease of the apparent NO content with increasing crank angle 

laser beam in 

Figure 4 3 2 The probe volume with vertical extend dp m the two stroke engine 

The curves in figure 4 3 1 have been derived from the raw fluorescence data by the procedure 
outlined above (section 4 2 1) This procedure involves an integration of the fluorescence 
yield over the line of sight In the evaluation of this integral uniform distributions of NO 
density, temperature, overlap integral and non-radiative decay were assumed, at least along 
the line of sight Although this assumption may be reasonable for the overlap integral and the 
non-radiative decay (the inelastic colhsional energy transfer has been shown not to be very 
sensitive to details of the chemical composition, see section 4 2 2), it is unlikely to be realistic 
for the NO density and the temperature, at least at smaller crank angles In fact, both the NO 
density and the temperature can be expected to increase towards the center of the combustion 
chamber Unfortunately, the vertical distribution of both parameters is unknown and, in the 
engine used for this work, impossible to measure Nevertheless, a global statement on the 
effect that the expected inhomogeneities will have on the apparent NO density curves ot 
figure 4 3 1 can be made The penetration depth of 193 nm radiation in the engine is less than 
that of 226 nm radiation (for crank angles < 55° aTDC) The main contribution to the 193 nm 
induced fluorescence will therefore be localized closer to the top window than that of the 226 
nm induced fluorescence, in a region of (expected) lower NO density and lower temperature 
Since the 193 nm measurements probe vibrationally excited NO (v"=l) whereas the 226 nm 
measurements probe the ground state (v"=0), both effects cause the 193 nm curves to 
underestimate the apparent NO density as compared to the 226 nm measurements, in line with 
figure 4 3 1 In order to get some feeling for the amplitude of the inhomogeneities that would 
be required to reconcile the 193 nm and the 226 nm apparent NO density curves in figure 
4 3 1, some model examples will be discussed below 
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The effect of several parameters that affect the shape of the 193 nm and 226 nm curves have 
been studied The first parameter is the uniformity of the NO distribution It is expected to be 
inhomogeneous at the start of combustion, and to become more and more homogeneous 
during the stroke Starting from underneath the top window an exponential NO density 
growth is modeled according to the formula (1-εχρ(-ζ/δ)), with ζ the distance from the top 
window and δ a parameter representing increased mixing for decreasing values (see 
appendix) The effect of this density distribution is shown in figure 4 3 3 The apparent NO 
density increases for both excitation cases compared to the curves determined under the 
assumption of a homogeneously distributed NO density, because a larger correction has to be 
performed for the attenuation of the laser beam and the fluorescence signal But as can be 
seen in figure 4 3 3, the effect of the inhomogeneously distributed NO density is small 
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Figure 43 3 Apparent NO density curves as a function of crank angle NO density curve 
from figure 4 3 1 using 193 nm excitation (A.-curve), processed assuming an inhomogeneous 
NO densits and mixing being present (M-curve), assuming worse transmission below 40° 
aTDC (•-cwrvej and assuming a temperature of the probed region different from the mean 
gas temperature (+-curve) 
NO density curve from figure 4 3 1 using 226 nm excitation (ü\-curve), assuming an 
inhomogeneous NO density distribution and mixing being present fx -curve) assuming a 
better transmission, especially for lower crank angles (+-curve) and assuming a temperature 
of the probed region different from the mean gas temperature (O-curve) 
All curves are scaled to each other at 108° aTDC 

A second parameter is the change of transmission of the laser beam through the combustion 
gas (see figure 4 3 3) The transmission used for the processing of the 193 nm LIF data has 
been lowered by a factor 100 for crank angles below 40° aTDC to display its effect on the 
density curve If the transmission is worse, a larger correction has to be performed on the 
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fluorescence signal, resulting in a higher NO density Conversely, the transmission has been 
assumed to be better for the 226 nm excitation case (for the exact values see appendix) The 
experimental accuracy of the transmission measurements of 193 nm and 226 nm is low, 
because large scatter of the measured transmission values is present especially at low crank 
angles As can be seen from figure 4 3 3, the effect of this changed transmission is, however, 
relatively small Not only is the shape of the apparent NO density curves hardly changed, but 
also the difference between the curves cannot be explained solely by changing the 
transmission 

Another parameter is the variation of the temperature of the probed regions, which is a key 
parameter in the processing for both excitation processes Originally, the mean gas 
temperature was taken to represent the temperature of the probed regions If an 
inhomogeneous NO density distribution is assumed, based on temperature gradients present in 
the combustion chamber, the effect of these gradients should be considered as well The 
temperature of the gas present in the region probed by the 193 nm excitation will be lower 
than the temperature of the region probed by the 226 nm excitation, because the 226 nm laser 
beam has a larger penetration depth, so that relatively more laser radiation reaches the hotter 
gas in the central region of the combustion chamber The temperature of the relatively cold 
region mainly probed by the 193 nm laser beam will increase during mixing with the hotter 
gas from the central region On the other hand, the temperature in the central region will 
decrease during mixing with relatively cold gas from regions near the combustion chamber 
walls If the mixing is almost completed the temperature of both regions should converge to 
each other 
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Figure 4 3 4 The mean ga<! temperature (Α-curve), the assumed average temperature of the 
region probed by the 226 nm laser beam (M-curve) and the assumed average temperature of 
the region probed b\ the 193 nm laser beam (+-curve) 
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Figure 4 3 4 shows an example of average temperature curves that would result in equal 
apparent NO density curves for both 193 nm and 226 nm probing The temperature of the 
region probed by the 226 nm laser beam is not increased by the same amount as the 
temperature of the region probed by the 193 nm laser beam is decreased, because the 226 nm 
laser beam also probes NO in the colder regions mainly probed by the 193 nm laser beam 
beneath the top window 
As can be seen from figure 4 3 3 the 226 nm NO density curve is hardly affected by a large 
temperature change, as shown before in section 4 2 1, but the 193 nm NO density curve is 
The reason of this temperature sensitivity is displayed in figure 4 3 5, which shows the 
population of the energy levels in question of the A and D state as a function of temperature 
It can be concluded that, because of the much larger temperature sensitivity of the 193 nm 
measurement and the fact that the temperature of the probed regions needed for the processing 
of the LIF signals is not precisely known, the 193 nm excitation is probably a less accurate 
way to determine the NO density 
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Figure 4 3 5 Relative populations of the A (v '=0, j '=75 5) state and the D (v"=l average 
population between the j'=26 5 and j"=32 5) states as a function of temperature 
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4.4 Conclusions 

L1F measurements have been performed on NO (γ system) using laser radiation of 226 nm 
with top and side window excitation and top window detection NO fluorescence signals have 
been detected through the entire combustion stroke while applying top window excitation 
NO distributions have been imaged with illumination through a side window Unfortunately, 
the transmission of the laser beam and fluorescence signal through the combustion gas was 
too low to detect any NO fluorescence signals below 19° aTDC in this latter setup The 
fluorescence signals have been transformed into NO densities by processing the fluorescence 
signals for quenching and EET, the overlap of the laser radiation and the NO absorption line, 
the temperature dependent population of the probed energy levels and the attenuation of the 
laser beam and fluorescence signal through the combustion gas 
From a comparison between an evaluation based on a simplified T'/2/P dependence of the 
non-radiative decay and a more detailed processing as described in section 4 2 2 for the NO A 
state, the former seems to be accurate enough for data evaluation under the assumption that 
the molecular distribution in the engine as given by Aoyagi [8] is representative for the 
distribution in the Sachs engine This does not imply that the T"2/P processing procedure is 
the correct approach to calibrate the NO fluorescence signal from the NO D state, because the 
cross sections of the molecules colliding with the NO molecules causing the non-radiative 
decay of the D state might be strongly different from those involved in the non radiative 
decay of the A state In addition, the same temperature dependence of the NO line broadening 
by N2 was assumed for the NO D state as for the A state (equation 4 7), which might not be 
correct 
The NO density curve reaches a maximum just after top dead center, which means that the 
NO is mainly formed early in the combustion stroke This result deviates from previous 
findings [1,2], by probing NO with 193 nm laser radiation (ε system) that the NO is formed 
also later in the stroke Section 4 3 showed that the 193 nm method is much more sensitive for 
temperature variations compared to the 226 nm excitation method An mhomogeneous NO 
distribution during the combustion stroke and a temperature variation of the probed regions in 
the combustion chamber volume are assumed to be present They show the possibility to 
transform the 193 nm NO density curve into an identically shaped curve as the 226 nm 
density curve This possible transformation combined with the lower temperature sensitivity 
of the 226 nm excitation method shows that the application of 226 nm radiation is probably a 
better way to perform LIF measurements on NO 
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Appendix 

A. Inhomogeneous NO distribution 

The LLP signal originating from a position ζ underneath the top window, with z=0 the position 

at the top window surface and z=zp the position at the piston surface, is proportional to the 

laser power / at z, the fluorescence F originating from the NO density p^o at z: 

SUF{z)dz~l{z)-pN0{.z)F{z)dz. (4.11) 

To investigate the effect of a nonuniform NO density distribution an exponential dependence 

of the NO density distribution as a function of the distance ζ from the top window is assumed: 

ΡΛ«>(Ζ) = ΡΛ 

l - e x p { - - } 

Z ( * . . S ) 
(4.12) 

with δ an adjustable parameter to change the shape of the function pNo(z), pNO the averaged 

NO density and Zfz^ δ) a normalization factor. If in the x,y plane the NO density is supposed 
to be homogeneous, the total NO content in the probe volume NNO is equal to: 

MN0=AJpN0(z)dz = AJ ρ 
, l-exp{—-} 

Ζ(ζ„.δ) 
-dz = ApN0zl> , (4.13) 

with A the area of the probe volume in the x,y plane. From equation 4.13 it follows: 

Ζ(ζρ,δ) = -

l-exp{--^} 
ο 

\ 

(4.14) 

This results in the following NO density distribution: 

ΡΛ/Ο(Ζ) = ΡΛ 

l - e x p { - T } 
ο 

δ ζ. 
l - e x p { - J L } 

(4.15) 

Using equation 4.10, 4.11 and 4.14, the detected LIF signal equals: 

Sur = jSUF(z)dz - j / ( z ) -PHOU)· F{Z> dz 
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- j 

= I0jcxV{-2apsz}p, 
o z„ 

l-exp{--} 

l - e x p { - f } 
o 

dz 

Ό HNO e 

^— l - e x p { - ^ 
δ \ F δ 

l-expt-^z,,} l-exp{(---2api)zp} 

1 2a ρ, • + 2α·ρ, 

(4.16) 

If during the stroke the constant δ is varied, mixing of NO can be modeled. As can be seen in 
figure 4.A, the NO is more homogeneously distributed over ζ for smaller δ. If during the 
combustion stroke δ is decreased, mixing is increased. For the exact values of δ used, see 
table I.A. 
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Figure 4.Α.1: ρ^ο displayed as a function of ζ for different values of δ for the piston at 
position Zp=0.0137 m (at 15° aTDC). For smaller δ the NO is more homogeneously 
distributed over z. 
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Table LA: Values of δ taken in the model at different crank angles at which measurements 

are performed. 

Crank angle 

(0 aTDC) 

-10 

-3 

3 

9 

15 

21 

28 

Value of δ 

(m) 

10 

10 

10 

10 

10 

0.01 

0.0025 

Ζμ 

(m) 

0.0128 

0.0121 

0.0121 

0.0126 

0.0137 

0.0153 

0.0179 

Crank angle 

(0 aTDC) 

34 

46 

65 

71 

83 

108 

Value of δ 

(m) 

0.001 

0.0001 

0.00001 

0.00001 

0.00001 

0.00001 

Zp 

(m) 

0.0205 

0.027 

0.0395 

0.0438 

0.0524 

0.0692 
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B. Laser beam absorption 

In the evaluation displayed in figure 4.3.3 the measured transmission has also been changed 
for the 193 nm and 226 nm laser beams to study the effect of alteration. Figure 4.B.1 displays 
the measured and adapted transmission curves. The transmission of 193 nm radiation through 
the combustion gas obtained using the double image method [IJ was much larger for crank 
angles above 37° than the transmission obtained from the transmission measurements through 
the side windows. For low crank angles below 37° aTDC the transmission has been estimated 
by extrapolating the curve obtained using the double image method, meanwhile preserving 
the shape of the curve obtained with the transmission measurements through the side 
windows. This might have resulted in an overestimation of the transmission of 193 nm and in 
an underestimation of the transmission of 226 nm (because for 193 nm the method to 
determine the transmission through the side windows results in lower transmission values 
than the double image method, which might also be the case for 226 nm). Therefore the 
transmission has been adapted for the 193 nm and 226 nm radiation to study the effect of a 
possible deviation in the transmission determination. One has to keep in mind that the curves 
have been changed by an arbitrary factor and that this digression is just an example. 
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Figure 4.B.J: The absolute transmission values measured for the 193 nm and the 226 nm 
laser beams through the combustion gas from one side window to the other are shown. The 
adapted transmissions, used in the calculation displayed in figure 4.3.3 to study the effect of a 
change of transmission through the combustion gas, are also displayed. 
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CHAPTER 5 

Spontaneous Raman Scattering measurements in the DAF diesel 
engine 

5.1 Introduction 

Spontaneous Raman Scattering can be considered as an inelastic collision process between a 
photon and a molecule A molecule interacts with an incident photon, resulting in a change of 
the rovibrational quantum state of the molecule and a scattered photon 
This chapter presents Raman measurements performed on O2 and N-> during combustion in 
the optically accessible combustion chamber of the DAF engine using diesel as fuel A 
comparison of Raman scattering with the LIF diagnostic technique (chapter 4) shows that 
Raman signals are much weaker relative to LIF signals Besides this disadvantage Raman 
scattering also has a number of advantages The Raman signal is much less sensitive to 
Electronic Energy Transfer (EET) and quenching than LIF, because the interaction process 
between the molecule and the incident photon resulting in an outgoing photon and an energy 
change of the molecule is faster for Raman scattering than for LIF The time scale at which 
the Raman scattering process takes place is much faster than the collision time scale between 
the molecules, so in general no correction has to be applied for quenching and EET In 
addition, no correction is needed for the discrepancy between the laser bandwidth and the 
absorption hnewidth of the molecule in question, because no exact matching of the energy of 
the laser radiation with an allowed transition is required Furthermore a temperature 
correction has to be applied for a change of the population distribution of the vibrational 
states, but not for a change of the population distribution of the rotational states Finally, a 
wavelength can be chosen at which absorption losses in the combustion chamber of the diesel 
engine are minimized The losses are mostly caused by the soot particles and not by the gas 
molecules The laser wavelength used for spontaneous Raman scattering as described in this 
chapter is 355 nm The study of O2 using LIF requires laser radiation of a shorter wavelength 
(for example 193 nm or 248 nm) The transmission of 355 nm radiation through the 
combustion chamber is much better than for the wavelength needed to study O2 by LIF In 
preliminary work for the measurements displayed in chapter 6, LIF images from PAH 
molecules using 355 nm with the laser beam traversing the combustion chamber through the 
side windows have been recorded for all crank angles, while it has been seen that the laser 
beam hardly traverses the combustion chamber at crank angles near TDC using 193 and 226 
nm A trend for the increase in transmission for longer wavelengths in the range from 193 nm 
to 248 nm is also given by Sick [ 1 ] This implies that the attenuation correction for the Raman 
measurements has a considerably smaller effect on the raw data than it has tor LIF 
measurements 

Section 5 2 treats some basic theory of spontaneous Raman scattering Section 5 3 describes 
the Raman measurements on Οι and Ni performed in combustion in the DAF engine Since 
these measurements were a pilot study to study the possibilities of spontaneous Raman 
scattering in combustion engine research section 5 4 lists several important improvements for 
the measurement setup 
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5.2 Theory of Spontaneous Raman Scattering 

Spontaneous Raman Scattering experiments are based on the excitation of molecules off-
resonant with allowed rovibronic transitions The molecules are excited to so-called virtual 
energy levels, from which scattered light is detected (see figure 5 2 1) When the final energy 
level lies higher than the initial energy level, the scattered light is called Stokes radiation 
(figure 5 2 1a) If lower, it is called anti-Stokes radiation (figure 5 2 1 b ) The frequency shift 
between the scattered and the incident light is characteristic for the vibrational frequency of a 
certain molecule and can be used tor species identification The scattered light intensity is 
linearly proportional to the number of scattering molecules The Raman effect connects levels 
by a two-photon process, implying that the initial and final levels have the same parity Since 
in homonuclear molecules like Οι and No, the odd or even rotational levels are missing all 
rotational levels within an electronic state have the same parity and single photon transitions 
within an electronic energy state are forbidden In these molecules such transitions cannot be 
studied using infrared spectroscopy The measurements displayed in this chapter use the first 
Stokes radiation tor detection Tabel 5 2 1 gives the Raman shift of some species and the 
wavelength at which the Raman signal appears using laser radiation of 355 nm for excitation 

ficus 
Stokes 

h ω. radiation 

A' 

flCU, anti Stokes 
η (üf radiation 

Figure 52 1 Schematic representation of Spontaneous Raman Scattering uith a) the 
generation of Stokes radiation and h) of anti-Stokes radiation E, and Ef stand for the initial 
and final energy state respectively V stands for a virtual energy level 

The scattered Raman power Pr is proportional to the incident laser power P, the number 
density of the scattering molecules η the differential scattering cross section (da/dQ), the 
length of the sampling area / and the collection efficiency ε which accounts for losses in the 
optical collection system and can be expressed for a small scattering solid angle Ω as 

Ρ=ΡηΩ 
3σ_ 

3Ω 
Ιε (5 1) 

The vibrational population is distributed over the energy levels according to the Boltzmann 
distribution law and can be written as 

= n e x p { - v A ^ 7 / } ( l - e x p { - A c % } ) , (5 2) 

with η the total number density k the Boltzmann constant, c the speed of light, h Planck s 
constant, ν the vibrational quantum number, iüi,=Vk/c=2360 cm ' for N7, with u the frequency 
difference between the v=0 and v=l vibrational state, and the product hcA has the value 1 44 
K/cm ' The radiant intensity for fundamental Stokes radiation scales as (v+l), because the 
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polanzabihty elements for Δν=+1 are proportional to (v+1) ~ [5] The Raman radiant 
intensity is summed over all molecules and is thereby proportional to [51 

Σ(ν+1)«ν 
l - e x p { -

hcco. 
(5.3) 

'kT 

In addition, the differential scattering cross section is proportional to the fourth power of the 
scattered light frequency [2,4,51 As a result 

3σ 

3Ω 
( V o - v 4 ) 4 X ( v + l ) « v = ( v 0 - v t ) 4 

1 - « ρ { - * % . } 

(5.4) 

The frequency shift ν^ of the scattered light with respect to the incident light Vo vanes with the 
vibrational quantum number ν due to anharmonicity This effect is neglected in the derivation 
of the above equation The incident radiation also interacts with the molecules in different 
rotational energy states resulting in a rotational side band, the shape of which is temperature 
dependent. This causes a broadening of the vibrational Raman signals in the spectrum The 
scattering cross section of a rovibrational Raman band is independent of the degree of 
rotational excitation [5J The relative strengths of the vibrational bands scale as (v+1) for 
Stokes and as ν for anti-Stokes radiation, in addition to weighting by the relative populations, 
so that the intensity of each vibrational band does not mimic the population of the vibrational 
state [51 For a more extensive description of the Raman scattering theory, see references 
[4,5] 

Table 5 2 1 Raman shifts of certain molecules and wavelengths at which the Raman signal 
appears using laser radiation of 355 nm [2,5] 

Species 

C0
2 

O2 

NO 

CO 

N2 

H
2
0 

CH
4 

C2H4 

C2H
6 

C6H6 

CjHg 

Raman shift (cm
1
) 

1285 (2v2), 1388 (ν,) 

1555 

1877 

2143 

2331 

3652 

2915 (ν,), 3017 (vi) 

1623 (V2), 3020 (v,) 

993 (ν,) 

991 (V2), 3070 (ν,) 

=3000 

Wavelength (nm) 

371 97,373 40 

375 74 

380 34 

384 23 

387 03 

407 88 

395 98, 397 58 

376 70, 397 63 

367 97 

367 94, 398 42 

397 32 
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5.3 Spontaneous Raman Scattering measurements 

Figure 5.3.1 shows the optical setup used for the spontaneous Raman scattering measurements 
performed on the DAF diesel engine. The laser beam traverses the combustion chamber via 
the side windows and the Raman signal is detected through the piston window via the mirror 
placed underneath it, using a monochromator (ARC SpectraPro 300i) in combination with an 
intensified CCD camera (Princeton Instruments, ICCD 576G/RB-E;16 bits). 

Raman signal 

a. b. 

Figure 5.3.1: a) The optical setup of the spontaneous Raman scattering measurements 
performed on the DAF diesel engine. The laser beam traverses the combustion chamber via 
the side windows and the Raman signal is detected through the piston window via the mirror 
placed underneath it. For a detailed description of this drawing see chapter 2. b) Laser beam 
and diesel spray direction through the combustion chamber schematically drawn in top view. 

Laser radiation of 355 nm is obtained from the third harmonic of a Nd:YAG laser (Continuum 
Powerlite 9010). A 70 mJ/pulse laser sheet is used with a thickness of approximately 1 mm 
and a width of about 14 mm, aligned in such a way that the laser beam does not hit the 
injector in the combustion chamber. For detection of the Raman signal a GG375 cut-off filter 
is used, which largely blocks the elastically scattered laser light to prevent it from entering the 
monochromator. The filter has a transmission of 56% at 375.74 nm, the wavelength position 
of the first Stokes line of Οι, and of 73% at 387.03 nm, the position of the first Stokes line of 
Ni. In addition, a polarizer is used, so that elastically scattered laser light, which is 
unpolarized after reflection by the injector, the combustion head and window holders is 
blocked for about 50%. Figure 5.3.2 displays the results of the Raman scattering 
measurements performed at 10% engine load. At 16° bTDC, i.e. before the diesel injection is 
started, very clear Raman signals of O2 and Ντ are obtained. At 6° bTDC the Raman signal 
decreases compared to the signal at 16° bTDC (taking into account the difference in 
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accumulations between the spectra measured at 16° and 6° bTDC) This might have to do 
with a small decrease of transmission near TDC that is always present, even in a motored 
engine, probably because ot some oil vapor and dirt particles left in the combustion chamber 
This effect can be corrected tor by measuring the decrease in the transmission through the 
motored engine The diesel injection starts between 3° and 2° bTDC and the combustion starts 
at 5° aTDC, which is reflected in the decreased Raman signal at 1° bTDC and 4° aTDC At 
these crank angles only N-i peaks appear to be present in the spectra The laser radiation 
and/or the Raman signal will probably be attenuated by the diesel sprays as shown in figure 
3 5 1b During the main part of combustion there is no detectable Raman signal present 
After 34° aTDC a Raman signal is obtained again, whilst the combustion is almost finished 
Unfortunately, the signal to noise ratio is not adequate enough to determine the average 
decrease of the O2 amount compared to the N2 amount during the engine stroke 
Before diesel injection takes place the spectra at 16° and 6° bTDC have a very good signal to 
noise ratio and the [O^J/fNi] ratio equals the value 0 26, as it is expected for in air The ratio 
has been corrected for the difference between the loss of transmission through the 375 nm 
cut-off filter of the O2 and the N? Raman signals and for the difference between the vibrational 
Raman cross section of O2 and N2 (that have been calculated for 355 nm excitation using [5]) 
A slight decrease of the ratio between the O2 and N2 concentrations [O2MN2] at increasing 
crank angle should be present, because the total O2 amount decreases during combustion and 
the total N2 amount remains constant About 10% of the oxygen is used for combustion at 
10% engine load [6] This cannot be determined from the measurements, because the signal to 
noise ratio is not accurate enough More measurements need to be performed with an 
increased sensitivity to be able to derive relative densities of O2 and N2 in the probed volume 
The next section will discuss the improvements to be made in future 

5.4 Improvements for future work 

It has been demonstrated that it is possible to perform spontaneous Raman scattering 
measurements during the combustion stroke, while using real diesel fuel In addition to the 
local |02l/[N2] ratio relative densities of specific molecules originating from or present in the 
diesel fuel might be acquired, crank angle resolved, from which air/fuel ratios might be 
determined But before this goal can be reached a number of improvements have to be 
implemented in the measurement setup to lower the detection limit First of all, a holographic 
notch filter with a small bandwidth around the laser wavelength has to be installed to better 
reject the elastically scattered laser light If this is achieved, it might be possible to direct the 
laser beam through the piston window into the combustion chamber In addition, use of a 
pulse stretcher in order to spread out the duration of the laser pulse would allow an increased 
amount of laser radiation to be fed into the combustion chamber without destroying the quartz 
windows For the same reason, a seeded laser might be used to improve the laser beam profile 
and to get rid of hot spots (areas in the beam profile with a considerably higher intensity), 
which limit the maximally allowed laser energy traversing the quartz windows without 
destroying them Increasing the size of the laser beam waist will also contribute to this end, 
but at the cost of spatial resolution If the detection limit is still not low enough, it might be 
considered to use cryogenic cooling of a back illuminated CCD detector to minimize the 
thermally generated dark charge [3] In relation to these technical improvements other 
molecules such as H2O, CO, CO2 and other diesel combustion products like CiH« should be 
studied as well 
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Figure 5.3.2: Spontaneous Raman scattering measurements of02 and N2 as a function of crank angle performed 
in combustion at 10% engine load. All spectra are accumulated over 5 laser pulses, except the spectrum at 16° 
bTDC which is accumulated over 10 laser pulses. The gray bars represent the spectral positions of the Raman 
signal of02 and N2. These spectra have not been corrected for background (e.g. for dark current of the detector), 
differences in cross sections of the vibrational states and pressure (density molecules). 
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CHAPTER 6 

Laser Induced Fluorescence measurements on PAH molecules in 
diesel fuel sprays 

6.1 Introduction 

Diesel fuels are complex mixtures of hydrocarbons, predominantly saturated aliphatics Most 
of these molecules fall in the range Cn-Cio, which corresponds to a boiling point region from 
160° to 370° C, while the maximum of the distribution is around C^-CIÔ [11 Fuels also 
contain traces of sulfur compounds and aromatic species Detailed fuel analyses are 
performed by different kinds of techniques, some examples given in references [2 3 4] The 
exact quality and composition of fuels depend on the refining technology, but also on the 
additives used to change specific properties like ignition delay and the celane number or to 
reduce the production of particulates A detailed discussion on diesel and gasoline fuels, 
specifications and refining requirements can be found in references [5,6J 
The chemical structure of the molecules present in diesel fuel has a critical influence on the 
ignition delay, course of combustion and emissions The effect of the chemical structure on 
the ignition quality was studied by Gulder el al [7] For example, straight-chain hydrocarbons 
give a shorter ignition delay than branched hydrocarbons The ignition delay can be reduced 
by additives such as peroxy or nitrate components that increase the amount of free radicals at 
the critical time [8] In addition, different fuels and fuel blends to minimize the NOx and 
particulate emissions have been employed [9,10,11 121 
The term Poly-Aromatic Hydrocarbon (PAH) usually refers to aromatic compounds with 
fused aromatic rings like for example naphtalene (2 rings), phenanthrene (3 rings) pyrene (4 
rings) and their derivatives Aromatic compounds are present as trace amounts in fuels, and 
can be both destroyed and (re)formed during combustion [13,14,1^,16] In general aromatic 
species are more stable than aliphatic compounds and therefore have a higher probability of 
surviving combustion [11 The main pathway for soot formation is thought to be the formation 
of aromatic species during combustion via linkage and ring closure of unsaturated 
hydrocarbons e g acetylene and propargyl radicals although there is still much controversy 
about the involvement of PAH's in soot production For the most important PAH s spectra can 
be found in references [17,I8J and other data in references [19-34J The main features and 
trends can be summarized as follow [1,33,34,35] 

• on the average, the absorption coefficients and fluorescence yields increase with the 
number of fused rings present within the PAH molecule, although some special structures, 
like for example e g fluoranthene, can lead to strong absorption and/or fluorescence as 
well, 

• absorption and fluorescence spectra overlap, a higher temperature results in more overlap, 
• the average spectral range of absorption and fluorescence shifts to the red with increasing 

number of fused rings 
• absorption and fluorescence spectra shift to the red with increasing temperature 
• substitution in the aromatic ring can lead to shifts in the spectra and a change in 

fluorescence yield, e g methylation leads to a red shift and increased fluorescence yield 
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• relative to the absorption spectra the fluorescence spectra shift to the red with increasing 
excitation wavelength, but this shift is usually small, 

• radiative lifetimes ot excited states are typically in the range from 1 to 100 ns, excited 
states are usually strongly susceptible to quenching, especially by oxygen, it may happen, 
however, that deexcitation occurs to a metastable state from which emission with a long 
lifetime (known as phosphorescence or delayed fluorescence) can be observed, although 
this emission is also strongly quenched 

In the present work, an excitation wavelength of 355 nm originating from the third harmonic 
of a Nd YAG laser was used to visualize the liquid luel spray in the DAF truck engine Since 
absorption spectra ol 1- and 2-ring aromatics generally he below this wavelength, it is 
expected that mainly 3- and 4-ring PAH molecules will be excited The table below gives 
typical spectral ranges for the PAH fluorescence spectra [ 1 ] 

Table 6 J Tipical rungesfor PAHfluoresLence spectra 

Number of fused rings 

1 
2 
3 
4 
5 

Fluorescence range (nm) 

260 - 350 
300 - 450 
330 - 500 
340 - 540 
360 - 600 

In section 6 2 simultaneously recorded PAH LIF and natural flame emission images are 
presented for different engine loads Section 6 3 treats the diesel spray and the start of 
combustion in more detail 

6.2 Simultaneously measured PAH LIF and natural flame emission 

By applying the LIF technique to excite the PAH molecules present in the diesel fuel the 
exact start and end of the diesel injection can be visualized In addition, the position where the 
combustion starts can be compared to the position of the diesel sprays 
A 90 mJ/pulse laser beam with a wavelength ot 355 nm has been used to excite the 3 and 4 
ring PAH molecules The laser beam enters the combustion chamber through the piston 
window via the aluminum coated mirror placed underneath it (see figure 6 2 1) The complete 
piston window was illuminated as homogeneously as possible The natural flame emission 
and the LIF originating from the PAH molecules are detected through the piston window via 
the aluminum coated mirror, using two ICCD cameras with different spectral filters in front of 
them The light is distributed over the two cameras by using a quartz plate as beam splitter 
The light traversing this quartz plate towards the ICCD camera detecting the LIF signal, is 
filtered by a filter combination effectively transmitting a wavelength band from 400 to 520 
nm The light reflected by the quartz plate is filtered by a long wavelength pass filler, 
blocking light below 435 nm, and is detected by the ICCD camera used for the imaging of the 
natural flame emission 
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Figure 6 2 1 Experimental letup for PAH-LIF and natural emission measurements The 
diesel is sprayed into the combustion chamber under an angle of 155° between opposite 
sprays 

The images resulting from this LIF and natural flame emission have been recorded almost 
simultaneously (natural flame emission images are recorded 125 ns after the LIF images) for 
various crank angles and are shown in figure 6 2 2 for 75% engine load The images are not 
recorded within one engine cycle The images at 4° bTDC in figure 6 2 2 a and at 4°, 2° 
bTDC and at TDC in figure 6 2 2 b only display noise no LIF and combustion is present yet 
and because all images are scaled to their maximum intensity a noise like structure is present 
In the middle of the images of figure 6 2 2 a a star-like structure is visible from 2° bTDC till 
16° aTDC, which is LIF from the PAH molecules present in the diesel fuel sprayed out the 
injector into eight directions It can clearly be seen that the diesel injection starts between 3° 
and 2° bTDC Both LIF and natural flame emission are visible in the images of figure 6 2 2 a , 
because the natural flame emission of the diesel combustion cannot be suppressed completely 
in the measurements of the LIF from the PAH molecules The eight clouds which are very 
clearly present at 3° aTDC are due to the natural flame emission of the combustion From 
figure 6 2 2 b it can be concluded that combustion starts at about 1° aTDC. From such images 
the position of the start of combustion compared to the diesel spray geometry can be studied 
as will be described more in detail in section 4 3 

Figure 6 2 3 shows PAH LIF images combined with natural flame emission for different 
engine loads As can be seen, injection starts at the same time for different engine loads and 
ends later for higher loads, as it should be This is evident from the absence of the diesel spray 
at 9° aTDC for 10% engine load, while it is still present at 50% and 75% load and from the 
absence at 14° aTDC at 50% engine load, while it is still present at 16° aTDC at 75% engine 
load At higher engine load the combustion starts earlier At 10%, 50% and 75% engine load 
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a. LIF PAH plus natural flame emission b. natural flame emiss ion 

Figure 6.2.2: a) LIF originating from PAH molecules plus natural flame emission and b) natural flame emission simultaneously (natural 
flame emission images are recorded 125 ns after the LIF images) measured at different crank angles at 75% engine load using a camera 
gate width of 75 ns, while exciting the PAH molecules and detecting the LIF and natural flame emission through the piston window. All 
images are scaled to their maximum intensity. 



oo 
10 e a l DC 

a. 10% e n g i n e load 

14 24 343 iTDC 

ss 
b. 50% engine load 

J 4 D 

•
^ (SU 

12 

24 34 44 5 4 0 a T D C 

• ) & 

> 
•χ 

c. 7 5 % engine load 

Figure 6.2.3: LIF originating from PAH molecules plus natural flame emission measured at different crank angles at a) 10%, b) 50% and c) 
75% engine load using a camera gate width of 75 ns, with excitation and detection through the piston window. All images are scaled to their 
maximum intensity. 



Chapter 6 

combustion starts at 5°, 4° and 1° aTDC respectively From measurements not depicted one 
can derive that combustion also ends later for higher loads 

6.3 Λ more detailed spray study 

Figure 6 3 1a displays a LIF image of PAH molecules measured at 1° bTDC at SO·??- engine 
load In the left bottom comer of the image the diesel injector is present and two of the eight 
diesel sprays are visible Figure 6 3 1b displays the intensity of the LIF signal from the diesel 
spray indicated by the arrows as a function of the distance from the injector The position of 
the points A, B, and C indicated by the arrows are presented in both figures to indicate the 
distance from the center of the injector in the image 
From 0 mm to 2 mm distance from the center of the injector, the LIF signal rises steeply the 
diesel is sprayed into the combustion chamber from holes situated at the side of the injector 
tip The rising should be steeper, but because of the high pixel intensity on the CCD chip, the 
electrons flow to neighboring pixels ("blooming ), causing a less steep rise (and decrease) of 
the LIF signal in the image likely to be present From 2 mm to about 3 5 mm the signal 
decreases fast, after which the signal decreases less steeply from 3 5 mm to about 19 mm 
from the center of the injector The LIF signal is present till about 19 mm from the center of 
the injector, which means that the spray detected has a length of about 18 mm 
The main reason for the fast decay of the LIF signal is the spread of the diesel spray into the 
combustion chamber volume Under the assumption of a cone shape spray, the density in the 
directions perpendicular to the spray axis is proportional to 1/R , with R the distance from the 
injector Because the measured fluorescence is accumulated in the vertical direction, from the 
piston surface to the combustion chamber head, the PAH LIF signal decreases proportional to 
the factor 1/R with increasing distance from the injector In this case, a homogeneous 
distribution of the diesel fuel over the spray cone is assumed to exist This most simple model 
predicts a fast decrease of the LIF signal by the expansion of the spray into the combustion 
chamber volume, but does not completely explain the observations As can be seen in figure 
6 2 1b, the LIF signal decreases faster than the assumed 1/R proportionality The LIF signal 
decreases even more steeply, if accounted for blooming as discussed above The high 
intensity of the LIF signal close to the injector might be partly caused by reflections of the 
laser beam at the injector tip Because of these reflections a higher laser beam intensity is 
present around the injector tip, resulting in a higher LIF signal The evaporation of the PAH's 
from the liquid part of the spray might also contribute to the fast decay of the LIF signal If 
the evaporation starts as the diesel leaves the injector, the evaporated diesel will probably 
expand into the combustion chamber outside the shape of the cone, causing a relatively lower 
density and consequently a faster decay than 1/R of the LIF signal Other causes might also be 
present, but a more detailed study of spray evaporation needs to be performed to give more 
specific reasons tor the fast decay 

Figure 6 3 2 shows the natural emission of the combustion at 5° aTDC (shortly after ignition) 
at 50% engine load The straight lines in the image represent the directions of the diesel 
sprays It can clearly be seen in figure 6 3 2 that the combustion does not start in the direction 
of the diesel spray, but off-axis In addition, it can be seen that the combustion starts at one 
side of the diesel spray, as a consequence of the swirl, ι e the air flow in the combustion 
chamber in the tangential direction, which is in clockwise direction in the image 
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Figure 6.3.1: a) LIF image of PAH molecules measured at 1° bTDC at 50% engine load. In 
the left bottom corner the diesel injector is present and two of the eight diesel sprays are 
visualized, b) The intensity of the LIF signal originating from the indicated spray as a 
function of the distance from center of the injector and the decrease with Ì/R in an ideal 
situation. 

It is expected that if no swirl is present, the combustion will mostly start at both sides of the 
diesel spray [36]. Lower swirl cases are known where earliest ignition is observed in the 
neighborhood of the injector tip and flame propagation takes place downstream of the spray 
cone [37,38]. If a higher swirl is present, combustion will start where the correct air/fuel ratio 
is present, which is the case in the mixing region formed at the downstream side of the 
swirling air along the spray jet. Kakegawa et al. [37] showed these effects for low and high 
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swirl cases (swirl numbers of respectively 1.3 and 1.9) in a Hino single cylinder diesel engine 
using Schlieren photography. In our case swirl is present with a swirl number of 1.8 
(measured on a steady state flow test stand) [36]. On shadowgraphy images taken from a 
heavy duty diesel engine by Minami et al. [38J the effect of off-spray ignition can also be 
observed, but is not mentioned explicitly. The Schlieren measurements performed by 
Kakegawa et al. and the shadowgraphy measurements by Minami et al. were obtained by 
irradiating the combustion chamber through a window in the piston using respectively a lamp 
and an Argon laser. The light was reflected via mirrors fixed on the combustion space side of 
the cylinder head and was detected after traversing the piston window again. 

Figure 6.3.2: Natural flame emission at 5° aTDC at 50% engine load compared to the 
direction of the diesel sprays given by the straight lines. 

6.4 Discussion 

In the measurements displayed in the former section it was shown that by exciting 3- and 4-
rings PAH molecules the detected spray has a length of about 18 mm. If this is the liquid 
spray, before full evaporation, this result is not immediately in disagreement with the result 
found by Espey et al. [39]. He found a penetration depth of the liquid spray of maximally 24 
mm, while no droplets were found after 27 mm: all fuel droplets were vaporized. It should be 
mentioned that Espey et al. did not use a real diesel fuel, but a mixture of heptamethylnonane 
and n-hexadecane. In former measurements Espey et al. [40] found a penetration depth of the 
liquid spray of 35 mm. but at lower air temperatures at TDC. This already shows the strong 
dependence of the liquid spray length on different operating conditions and shows that the 
result displayed in this chapter are in agreement with measurements performed by other 
groups. A rough estimation of the liquid spray length of about 25 mm was made by DAF [36]. 
Still, the question remains: is 18 mm the length of the liquid spray beyond which no fuel 
droplets are present anymore? Due to the evaporation the LIE signal from the 3- and 4-rings 
PAH molecules becomes very weak at the end of the detected spray of 18 mm. It might be 
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that at the end of the spray the PAH density in the liquid spray falls below the detection limit 
and that fuel droplets are still present up to larger distances 
Several models were made to predict the spray structures during injection and/or combustion 
by for example Fath et al [41] and Dec [42] The length of the spray depends on properties as 
injection pressure, nozzle diameter, cavitation effects at the nozzle, the air temperature, the 
presence of swirl etc , and cannot be predicted yet as a function of all these different 
properties If details about the spray structure and break-up in the DAF engine are desired, 
additional measurements need to be performed using for example the Mie scattering 
technique, shadowgraphy or perhaps Schheren photography In combination with LIF 
measurements of 1- and 2-rings PAH molecules such measurements might reveal much 
information about the actual spray break-up mechanism The 3- and 4-ring PAH molecules 
that have been excited in the current experiments are just present as trace elements in the 
diesel fuel (present in the diesel fuel only within a few ppm), whereas the 1- and 2-ring PAH 
molecules are much more abundant mono-aromatics in 11 vo\% and di-aromatics in 1 0 vol% 
[43] The absorption and emission spectra of these molecules are shifted towards the blue 
compared to the spectra ot the 3- and 4- ring PAH molecules If the laser excitation 
wavelength occurs at 248 nm, with a KrF excimer laser, much more PAH molecules will be 
excited and detected Lowering the excitation wavelength and, it necessary, increasing the 
laser power will considerably improve the measurement sensitivity 
The start of ignition has been seen to occur at the downstream side of the swirl along the 
spray The position of the start of combustion relative to the spray axis might be very 
important for the further development of the combustion process and influence for example 
the soot and NOx emissions Further measurements to study the position of the start of 
combustion and the subsequent combustion progress through the combustion chamber are 
recommended while varying the operating conditions, in combination with NOx and soot 
measurements 

89 



Chapter 6 

Literature 

[I] P Monkhouse, Internal report and communication. University of Nijmegen, the 

Netherlands, (1999) 

[2] Ρ A Williams et al, "Diesel Particulate Emisions The Role of Unhurried Fuel", 

Combustion & Flame 75, (1989), 1 

[3J Ρ F Nelson, "Combustion-generated PAH m diesel exhaust emissions". Fuel 68, 

(1989), 283 

[41 Ρ Τ Williams, K D Bartle, D G Mills, G E Andrews, "Capillary GC Anahus of 
Diesel Fuels using simultaneous parallel triple detection", J High Resol Chromatogr 
&Chromatogr Commun 9, (1986), 39 

[51 S C Clarke, "Managing the molecule - refining in the next millennium", Foster 

Wheeler Technical Paper, (1998) 

[6] G Tobin, "Alternative solution for meeting the next generation of motor fuels", Heat 
Engineering Magazine, Spring, (1997), (FW Review) 
(Both articles [5,6] are on the FW Web Site www losterwheeler com/) 

[71 Ο L Guider, Β Glavincevski, "Ignition Quality Determination of Diesel Fuels from 
Hydrogen Type Distribution of Hydrocarbons", Combustion & Flame 64, (1986), 231 

[8] Ρ Q E Clothier, A Moise, Η O Pntchard, "Effect of Free-Radical Release on Diesel 
ignition Delay under simualted cold-start conditions". Combustion & Flame 64, 
(1990), 242 

[9] Κ D Vertin, J M Ohi, D W Naegeh, Κ Η Childress, G Ρ Hagen, C I McCarthy, 

A S Cheng and R W Dibble, "Methylal and Methvlal-Diesel Blended Fuels for Use in 

Compression-Ignition Engine", SAE paper no 1999-01-1508, (1999) 

[10] Ν Miyamoto, Η Ogawa, Ν M Nurun, Κ Obata and Τ Anma, "Smokeless, Low Nox, 

High Thermal Efficienc\, and Low Noise Diesel Combusiton with Oxygenated Agents 

as Main Fuel", SAE paper no 980508, (1998) 

[II] W Lee, C E Solbng, Τ A Litzinger and R J Santoro, "Planar Laser Light Scattering 

for the In-C\ linder Stud\ of Soot m a Diesel Engine", SAE paper no 902125, (1990) 

[12] H Nakagawa, H Endo, Y Deguchi, M Noda, H Oikawa and Τ Shimada, "NO 

Measurement m Diesel Spray Flame using LIF", SAE paper no 970874, (1997) 

[131 R Barbella, C Bertolh, A Ciajolo, A D'Anna, "Behavior of a fuel oil during the 
combustion cycle of a direct injection diesel engine". Combustion & Flame 82, 
(1990), 191 

90 



Laser Induced Fluorescence measurements on PAH molecules in diesel tuel sprays 

[14] G Zizak, F Cignoli, G Montas, S Benecchi, R Donde, "Detection of aromatic 
hydrocarbons in the exhaust gate·! of a gasoline ι c engine b\ LIF technique'', Recent 
Res Devel in Appi Spectrosc 1,(1996), 17 

[15] F Cignoli, S Benecchi, S De lulus, G Zizak, "LIF of aromatic hydrocarbons in 
diesel oil laminar premixed flames". Laser Applications to Chemical and 
Environmental Analysis, March 9-11, (1998) 

[16] F Berettd, A Cavaliere, A D'Alessio, "Laser Excited Fluorescence Measurements in 
Spra\ Oil flames for the detection of PAH and Soot", Combust Sci Technology 27, 
(1982), 113 

[17] I B Berlman, 'Handbook offluorescence spectra ofaromatic molecules", Acad Press, 
Ν York & London, (1971) 

[18] W Karcher, "Spectral Atlas of Pohc\clic Aromatic Hydrocarbons", Kluwer Acad 
Pubi Co , Dordrecht, Holland, vol 1-111,(1985, 1988, 1991) 

[19] S A Tucker, W E Aeree, j r , M J Tdnga, S Tokita, Κ Hiruta, Η Langhals, 
"Spectroscopic properties of pohc\clic aromatic-compounds - Examination of 
nitromethane as a selective fluorescence quenching agent for alternant pol\c\cltc 
aromatic nitrogen heteroatom derivatives", Appi Spectrosc 46, (1992), 229 

[20] V L Amszi, Y Corderò, Β Smith, S A Tucker, W E Aeree, j r , C Ynag, E Abu-
Shaqara, R G Harvey, "Spectroscopic investigation of fluorescence quenching agents 
- Effect of nitromethane on the fluorescence emission behavior of select c\clopenta-
PAH, aceanthr\lene andfluorene derivatives", App\ Spectrosc , 46, (1992), 1156 

[21] S A Tucker, W E Aeree, B P Cho et al , "Spectroscopic properties of pohc\clic 
aromatic-hydrocarbons - Effect of solvent polarity on the fluorescence emission 
behavior of select fluoranthene fluorenochrvsene, indenochr\sene, and indenop\rene 
derivatives". Appi Spectrosc 45,(1991), 1699 

[22] S A Tucker, I L Teng, W E Aeree, jr , J C Fetzer, "Polycyclic aromatic hydrocarbon 
solute probes 8 Evaluation of additional naphtacene and penlene dernatnes as 
possible solvents polarity probe molecules'', Appi Spectrosc 45,(1991), 186 

[23] S A Tucker, A I Zvaigne, W E Aeree, j r , J C Fetzer, "Polycyclic aromatic 
hydrocarbon solute probes 9 Evaluation of additional pentaphene, pentacene, and 
pyranthrene compounds as possible solvent polarit\ probes". Appi Spectrosc 45, 
(1991), 424 

[24] A Samanta, C Deveadoss, R W Fessenden, "Picosecond time-resolved absorption 
and emission studies of the singlet excited-states of acenaphthylene", J Phys Chem , 
94, (1990), 7110 

[25] W E Aeree, j r , S A Tucker, A I Zvaigne, K W Street, jr, J C Fetzer, H F 
Grutzmacher, 'Pol\c\clic aromatic h\drocarhon solute probes 7 Evaluation of 
additional coronene derivatives as possible solvent polarity probe molecules". Appi 
Spectrosc 44, (1990), 477 

91 



Chapter 6 

[26] W E Aeree, j r , S A Tucker, A I Zvaigne, K W Street, jr, J C Fetzer, H F 
Grutzmacher, Appi Spectrosc 44, (1990), 1193 

[27] Β A Kirsch, J D Winefordner, "Electrothermal vaporization and Laser-Induced 
Fluorescence for screening of po1\aromatic hydrocarbons". Anal Chem 59, (1987), 
1874 

[28] L J Jandns, R Κ Force, S C Yang, "Fluorescence lifetime and oxygen quenching rate 

of gas-phase fluoranthene excited at 137 1 nm". Appi Spectrosc 39, (1985), 266 

[29] Κ -M Bark and R Κ Force, "Obserx'ation of duel fluorescence for fluoranthene m the 
vapor phase",] Phys Chem 93, (1989), 7985 

[30] Y Kawabata et al, ' Laser fluorimetn of PAH based on time-resolved fluorescence 
detection". Anal Chim Acta, Bd 173, S 367,(1985) 

[31] S A Asher, "Uitren lolet reson Ram Spectr for detection and specification of trace 
pohc\clic aromatic Indrocarbons", Anal Chem 56, (1984), 720 

[32] L J Jandns, R Κ Force, "Determination of PAH in vapor phases b\ LIF", Anal Chim 
Acta 151, (1983), 19 

[33] E Blatt et al, "Viscosity and temperature dependence of fluorescence lifetime on 
anthracene and 9-methylanthracene", J Phys Chem Bd 85, S 2810, (1981) 

[34] D S Coe and J I Steinfeld, "Fluorescence excitation and emission spectra of PAH at 
flame temperatures", Chem Phys Lett 76, (1980), 485 

[35] F Ossler, "Elastic scattering and picosecond laser-induced fluorescence", P h D 
Thesis, Lund Insitute of Technology, Sweden, (1999) 

[36] Τ Straten, (DAF Trucks), Personal communication 

[37] Τ Kakegawa, Τ Suzuki, Κ Tsujimura and M Shimoda, "A Study on Combustion of 
high Pressure Fuel Injection for Direct Injection Diesel Engine", SAE paper no 
880422,(1988) 

[38] Τ Minami, I Yamaguchi, M Shintani, Κ Tsujimura and Τ Suzuki, "Analysis of Fuel 

Spray Characteristics and combustion Phenomena under High Pressure Fuel 

Injection", SAE paper no 900438, (1990) 

[39] C Espey, J E Dec, Τ A Litzinger and D A Santavicca, " Quantitative 2-D Fuel 
Vapor Concentration Imaging in a Firing D I Diesel Engine Using Planar Laser-
Induced Rayleigh Scattering", SAE paper no 940682, (1994) 

[40] J E Dec and C Espey, "Soot and Fuel Distributions in a DI Diesel Engine via 2-D 
Imaging", SAE paper no 922307, (1992) 

92 



Laser Induced Fluorescence measurements on PAH molecules in diesel fuel sprays 

[41] A Path, Κ -U Munch and A Leipertz, "Sprai Break-Up Process of Diesel Fuel 
Investigated Close to the No:zle", Proceedings of ICLASS-^?, Korea, (1997), 513 

[42] J E Dec, "A Conceptual Model of DI Diesel Combustion Based on Laser-Sheet 
Imaging", SAE paper no 970873, (1997) 

[43] Van Gelder Bedrijven, Product specification Van Gelder City Diesel, (1998) 



Chapter 6 

94 



CHAPTER 7 

Nitric oxide inside a realistic heavy-duty diesel engine 

7.1 Introduction 

Nitnc oxide measurements have been performed on the heavy duty DAF diesel engine, which 
is extensively discussed in chapter 2 The Laser Induced Fluorescence (LIF) technique was 
used to detect the NO in combustion, in a similar way like applied in the measurements 
performed on the two-stroke Sachs engine as displayed in chapter 4 The DAF engine is a 
completely different engine than the Sachs engine All measurement conditions are accurately 
controlled and can be adjusted easily A large part ol the combustion chamber has been made 
optically accessible by the mounting of quartz windows in the top and side of the combustion 
chamber and by the mounting of a window in the piston Section 7 2 treats the experimental 
setup ot the engine and the optical setup needed to apply the laser diagnostics shortly Section 
7 3 shows measurements performed with the laser beam traversing the combustion chamber 
through the side windows while detecting the fluorescence through the top, side and piston 
window The final part ot this section displays measurements with the laser beam entering the 
combustion chamber through the piston window and detecting the fluorescence through this 
same window The final section 7 4 discusses the obtained results 

7.2 Experimental setup 

7.2.1 Engine 

The research engine is a six-cylinder 11 6 liter heavy-duty 4-stroke diesel engine produced by 
DAF Trucks (Eindhoven, the Netherlands) One of the cylinders has been modified lor the 
experiments (figure 7 2 11) This cylinder has been elongated by 40 cm, to provide access to 
the head The latter corresponds to the DAF XF 95 senes, a 4-valve head with central 6- or 8-
hole injector and symmetrical configuration One outlet valve has been removed, and in this 
position either a pressure transducer (AVL QHC32) or a quart? observation window (referred 
to as 'top window') can be mounted Three other rectangular (47 5 χ 22 5 mm2) quartz 
windows (W| τ in figure 7 2 1 1) are mounted in the sides of the cylinder head, providing 
optical access to the uppermost part of the combustion chamber at all times during a stroke 
The piston in the measurement cylinder consists of an elongation bolted onto the original 
piston The elongation can be capped either by an original mexican-hat type crown of 
aluminum alloy, or by a flat-bowl crown with a quartz bottom part The latter provides full 
optical access to the central 74 mm of the combustion chamber (bore Π0 mm) Light emitted 
through the piston window can be observed through slots in the side of the piston elongation 
and in the side of the cylinder wall via a 45° mirror that can be shifted into the engine during 
operation In order to reduce soot formation the elongated piston runs without lubrication 
Intake air temperature and boost pressure as well as cooling water temperature are all 
continuously controlled and electronically adjustable Break load is provided by a water-
cooled dynameler All expenments are performed with the engine running on commercial 
low-sulfur "City diesel ' fuel, obtained from a local retailer (The same fuel is used for the 
public transportation buses in Nijmegen ) Dehumidified ambient air is used as intake air The 
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engine runs in skip-fired mode (typically 1:20 to 1:40) in order to avoid excessive heating of 

the (non-lubricated) measurement cylinder. Steady-state conditions are simulated by 

preheating the combustion chamber by the cooling water. 

Fuel injection starts at 3° bTDC1 and the combustion starts at about 1° to 5° aTDC, depending 

on the load. The compression ratio varies between ε = 15.5 (aluminum crown) and ε = 15 

(quartz-bottom crown); in the unmodified engine ε = 16. 
A more detailed description of the engine, together with full specifications, is reported in 
chapter 2. 

10 cm 
ι 1 

Figure 7.2.1. J: Schematical drawing of the modified part of the DAF diesel truck engine 
(cross section of the measurement cylinder). WIJ: side windows (W2 not visible); Wj: top 
window; Wp: piston window; M: mirror under 45° that can be shifted into the elongation 
during operation of the engine. 

For the present experiments a relatively late injection timing was used. 
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7.2.2 Optical 

Laser induced fluorescence of NO is induced in the A <-> X band, using 226 nm radiation for 
excitation (A(v'=0) <— X(v"=0)) and several higher wavelength bands (A(v'=0) —» X(v"=I-3)) 
for detection. Laser radiation is denved from a Nd:YAG-pumped pulsed dye laser 
(Continuum PowerLite 9010 @ 355 nm; Λ Physik ScanMate 3 @ Coumarm 47 or Coumarin 
2). Scattered light is detected through an imaging monochromator (ARC SpectraPro 300i) by 
an intensified CCD camera (Princeton Instruments, ICCD 576G/RB-E; 16 bits)), a 
combination which essentially constitutes an optical multichannel analyzer. Additional 
suppression of elastically scattered radiation, so-called Mie signal, was, when necessary, 
achieved by including a normal incidence high reflector coated for 226 nm or a UG5 filter in 
the detection beam path. The mirror that can be shifted into the cylinder (M in figure 7.2.1.1 
is a high reflector for the 225-260 nm wavelength range (Laser Optik, Garching, D). The use 
of a spectrograph rather than transmission filters is advantageous for several reasons. The 
wavelength selectivity of a spectrograph is superior to that of filters, and can be adjusted by 
choosing different gratings. Also, spectroscopic interference by other combustion products is 
monitored automatically, and can be avoided with certainty during the whole measurement. 
The various optical access ports of the engine allow for a flexible configuration of the 
excitation and detection optics, and several different schemes have been used to obtain the 
results presented below. Illumination is effected either through the side window W, (closest to 
the top window) or through the piston window. Fluorescence is detected through the piston 
window, the top window or the side window W?. 

For transmission measurements the laser beam entered the engine through side window W| 
and the transmitted radiation was detected by a CCD camera behind W^ The total 
transmission therefore includes absorption by the windows. Visual inspection showed the side 
and top windows to remain clear even after prolonged operation of the engine. Only the piston 
window was slowly covered by a thin gray layer, starting at the edges where the sprays hit the 
combustion bowl. In the course of an engine run this gray deposit slowly grows inwards, but 
it has been verified that fluorescence signal levels from various locations within the 
combustion chamber remain steady over hundreds of work cycles (engine firing 1:40). 

7.3 NO LIF measurements 

7.3.1 NO excitation through the side window 

The results presented here are the first data obtained from the engine described above. Most 
of them have been obtained with the engine running at 1600 rpm at 10% or 50% load. The 
pressure, temperature and heat release curves for the 50% load case are given in figure 
7.3.1.1. Note that the relatively late start of injection results, at this load, in a small ignition 
delay (about 4.5°). The heat release (figure 7.3.1.1) is dominated by the premixed burn, with 
only a small contribution from the diffusion flame. 
Since the attenuation of laser radiation and induced fluorescence within the combustion 
chamber is expected to be a main concern in LIF expenments, transmission measurements 
have been performed at several engine loads. Representative curves for the relative 
transmission of 226 nm radiation through half the combustion chamber for 50% and 90% load 
are shown in figure 7.3.1.2. Relative transmission is defined here as the ratio of measured 
transmission through the firing engine versus that of the motored engine, so that window 
absorption is accounted for. The figure shows a strong decline of the transmission as soon as 
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fuel injection starts (note the logarithmic ordinate), which recovers much later in the stroke. 
The fuel injection rate at 90% load is larger than that at 50% load, which probably explains 
the deeper transmission minimum in the former case. Later in the stroke, however, the 
combustion chamber becomes more transparent in the 90% load case, possibly due to the 
higher temperatures maintained for a longer time, that can be expected to result in more 
complete soot bum-out. The large impact that (commercial) diesel fuel injection has on the 
transmission of 226 nm radiation poses a violent contrast to the negligible effect that low-
sooting diesel fuel is reported to have [Ij. 
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Figure 7.3.1.1: ln-cylinder pressure (upper panel), heat release rate (in Joule per degree 
crank angle; middle panel) and mean gas temperature (for 313 Κ inlet air temperature; lower 
panel) for the measurement cylinder of the engine running at 50% load. The premixed burn 
phase (pm) is indicated in the heat release panel. 

NO fluorescence measurements have mostly been performed at the 226.037 nm excitation (Qi 
+ P2i(14) and Q? + R|2(21)), initially with the 2 mJ/pulse laser beam entering the combustion 
chamber through the side window W| and fluorescence detection through the top window. 
The standard aluminum piston crown was used. This configuration has the advantage of small 
path length of both laser beam and fluorescence within the combustion chamber, but has the 
disadvantage that the top window offers only a limited view of the combustion bowl. (A large 
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part of the top window is located above the squish region, see figure 7 2 11 and figure 

7 3 13) 

NO and Mie images from a representative engine run are presented in figure 7 3 1 3 for a 
qualitative interpretation The measurements have been performed in the same way as those 
desenbed in chapter 4 (section 4 2 3), using the so-called imaging mode The NO and Mie 
images are measured simultaneously by one laser pulse (single shot measurement) as a 
function of crank angle The NO is observed from 33° aTDC onwards From 58° aTDC 
onwards more NO seems to be present in the combustion bowl than in the squish region The 
reason that no Mie scattenng signal and NO fluorescence are detected at crank angles smaller 
than 28° aTDC is that the laser beam hardly enters the field of view, because of the low 
transmission through the combustion chamber tor crank angles between TDC and 30° aTDC 
(see figure 7 3 12) This might also be the reason why, by looking at the Mie images, from 
33° aTDC onwards, large scatter particles are detected only in the squish region and from "58° 
onwards also in the combustion bowl The Mie scattenng signal at 23° aTDC in the upper part 
of the image is just a chance hit of single shot measurements, other images taken in the same 
measurements run, do not reveal any Mie signal at this position 

Ί ' 1 • 1 • 1 ' 
0 50 100 150 200 

crank angle ( 0 aTDC) 

Figure 7 3 12 Relative tran<;inis<;ion of 226 nm radiation through the first half part of the 
firing engine (relative to that of the motored engine) for two different loads calculated from 
transmission measurements performed through the entire combustion chamber through the 
side Windows under the assumption that the combustion is symmetncall) distributed relatne 
to the injector position Start of injection (SOI) is indicated An 8-hole injector is used 
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Figure 7.3.1.3: a) Mie scattering images and b) NO fluorescence out of the A (v'=0) —> X (v"=2) band simultaneously measured by 
single laser shots as a function of crank angle at 50% engine load using a 6-hole injector. The image in the right bottom corner shows 
the observed part of the combustion chamber through the top window. The intensities of the Mie and NO images are rescaled to the same 
maximum value. 
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Figure 7 3 14 presents data from a representative engine run measured under the same 
engine conditions as the images from figure 7 3 13 The raw NO fluorescence data (curve D) 
correspond to averages over five successive engine cycles integrated over the field of view of 
the top window, and the data points at different crank angles were recorded in arbitrary order 
Single shot data scatter around the average by about 10-50% Fluorescence could be observed 
(in the averages) from 30° aTDC onwards In order to transform the raw fluorescence data 
into NO densities, they must be processed for the effects of 0 colhsional fluorescence 
quenching (incl Electronic Energy Transfer (EET)), fi) the absorption line width, tu) the 
varying thermal population of the probed energy level (Boltzmann fraction) and JV) the in-
cylinder attenuation The successive effects of these corrections are included in figure 7 3 14 
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Figure 7 314 NO fluorescence intensities as a function of crank angle (curve Dj measured 
at 50% engine load using a 6-hole injector and the corresponding NO densities (curve A) 
The other curves correspond to various stages of the correction procedure that transforms the 
fluorescence signal into density (see text) The raw signal (Dj is successively corrected for 
quenching (Bj plus excitation efficiency (%) plus Boltzmann fraction (O) plus finalh 
attenuation (A) The signal-to-noise ratio in the raw data varies from about S/N=2 at 33° 
aTDC to 40 at 123° aTDC 

Contrary to previous work of our group [2,3], in which a 193 nm excimer laser was used to 

excite the D(v'=0) <— X(v"= I ) band, the correction for the Boltzmann fraction is now of minor 

importance (compare curves Φ and Ο and see figure 4 3 4) Another difference with the 193 

nm excitation scheme lies in the colhsional quenching correction Quenching of the NO D2Z+-

state is expected to be dominated by Ντ collision-induced EET to the Α-state (see chapter 3, 

section 3 4) Quenching of the (lowest electronically excited) A X+-state, on the other hand, is 

hardly affected by collisions with N2 [4], but depends on collision partners like O2, CO(2), 

H2O and hydrocarbons [5-7] With the known colhsional quenching cross sections and 

estimated concentrations ot the major chemical species in the combustion chamber, 

quenching rates Q have been calculated Temperature and pressure dependencies were found 
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to be well described by the relationship Q « Ρ Τ ' / : , with Ρ the total pressure (see section 
4 2 2) This relation has subsequently been used in correcting the fluorescence data As 
expected, figure 7 3 14 shows the quenching correction to be substantial (compare curves D 
and • ) , especially at lower crank angles. Another important factor is to be found in the 
varying excitation efficiency (compare curves • and · ) , which is mainly due to the 
absorption line width Both the laser and the absorption line profiles are here assumed 
gaussian, with widths (FWHM) of Δ, = 0 15 cm ' and Δ ^ = 0 58·Ρ·(295/Τ)075 cm ' (total 
pressure Ρ in bars, Τ in K) [8,9], respectively Because of the small path length that the light 
has to cover in the setup used, the attenuation correction (using the 226 nm transmission data 
of figure 7 4 2 for the 247 nm fluorescence as well) is seen to have only a relatively small 
effect (compare curves Ο and •) The net effect of all the processing factors is a change of 
the roughly monotomcally rising raw data curve (D) into a NO density curve (A) that has a 
maximum for small crank angles (close to the detection limit, in fact) Concerning the decline 
of the density curve towards larger crank angles, it should be noted that the trivial effect of the 
expanding in-cylmder volume has not been incorporated in figure 7 3 14 (which displays 
density rather than amount) 

A series of NO density curves obtained for different engine runs on diHerent days is presented 
in figure 7 3 15 In all cases the excitation laser beam entered the engine through the side 
window W| (but in various lateral positions) and the fluorescence was detected either through 
the top window (Α-curve, from figure 7 3 1 4) or through the side window WT (other curves), 
the attenuation correction was modified accordingly Most data points correspond to averages 
over several engine cycles (the number η is indicated in the figure) Excitation on the Q2 + 
Qi2(14) at 226 373 nm f 10] was used for one of the curves (O), for the others the scheme 
mentioned above was used The single shot data (D) showed NO fluorescence only from 40° 
aTDC onwards At 123° aTDC the NO density is assumed to be equal for all the curves using 
the same injector, because at this crank angle the combustion gas is assumed to be fully mixed 
to such an extent that the measured NO density should probably not differ anymore for 
different geometries of excitation and detection The NO density curves corresponding to the 
measurements performed with the 8-hole injector correspond with each other rather well in 
shape and in absolute values, as do the curves for the 6-hole injector within the scatter of the 
single shot data The measurements using the different injectors cannot be compared with 
each other, because the NO production might be different for the two different operating 
conditions 

It was observed that more soot is present at the side windows in the combustion chamber 
where the laser beam enters the combustion chamber using the 6-hole injector Since 
transmission data for the engine running with the 6-hole injector could not yet be determined, 
the raw fluorescence data of the measurements performed with the 6-hole injector have been 
corrected using the transmission data for the 8-hole injector This implies that the NO 
densities for the 6-hole injector, are underestimated The use ol a different injector will 
probably result in a different course of the combustion process, resulting in different NO 
densities 
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Figure 7 315 Several NO density curves obtained during different engine runs and several 
optical configurations (see text) sw = side window detection, tw - top window detection, η = 
number of engine cycles over which is averaged All curves are determined at 50% engine 
load All curves are rescaled to one at 123° aTDC In spite of the fact that the curves obtained 
using the 6-hole injector should not be compared with those obtained using the 8-hole 
injector, all curves have been normalized to unity at 123° aTDC 

Figure 7 3 16 shows simultaneously recorded Mie scattering and NO A(v'=0) —» X(v"=l,2) 
fluorescence images measured single shot in the so-called imaging mode as a function of 
crank angle at 10% engine load The laser beam traverses the combustion chamber through 
the side windows and the scattered light is detected through the window in the piston A 7 mm 
high slot has been made in the piston wall at the side where the laser beam enters the 
combustion chamber, so the laser beam can traverse the combustion chamber underneath the 
injector to prevent scattering signals from the injector The compression ratio was kept the 
same NO is detected from 29° aTDC onwards The Mie scattering signals in the measured 
images from figure 7 3 16 show a very large Mie scattering signal present from 29° aTDC 
onwards, but almost no signal at 24° aTDC the laser beam hardly traverses the combustion 
chamber and no NO can be detected at smaller crank angles 
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Figure 7.3.1.6: Mie scattering at 226 nm and NO fluorescence from the A(v'=0) —> X(v"-I,2) band at 237 and 247 nm simultaneously 
measured single shot in the so-called imaging mode (see section 4.2.3) as a function of crank angle at 10% engine load using an 8-hole 
injector. The image in the right bottom corner shows the viewed part of the combustion chamber at the 0 ' order of the monochromator through 
the piston window: a piece of paper with lines in a rectangular shape was put upon the piston. The intensities of all images are rescaled on a 
logaritmic intensity scale to the same maximum value. The white spots in the Mie part of the images are spots with a high scattering intensity 
and are caused by this logaritmic rescaling. Signal is present outside the field of view through the piston window positioned at TDC, because 
of the downwards movement of the piston. 
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7.3.2 NO excitation and detection through the piston window 

A much more detailed view of the combustion is obtained by looking from below, using the 
piston with the quartz bottom plate. Figure 7.3.2.1 shows a partial view (of the combustion, 
recorded through the monochromator (grating in 0lh order) at 14° aTDC. The position of the 
injector is indicated at the right, with the 8 jet axes, four of which give rise to the spray flames 
visible in figure 7.3.2.1. 

Figure 7.3.2.1: Location of the sites probed by LIF in the combustion chamber relative to the 
natural spray flame luminosity (recorded at 14° aTDC). The sites are marked with white 
circles with a diameter approximately equal to that of the laser beam; the letters are referred 
to in the text. The flame luminosity is represented in a linear gray scale (white = maximum). 
At the right the position of the 8-hole injector and the spray directions are indicated. 

The large white circle in the image indicates the rim of the piston window. If the unfocussed 
laser beam enters the combustion chamber through the piston window as well, it is possible to 
probe the combustion chamber contents along a line of sight, typically a cylinder with a 
diameter corresponding to that of the laser beam (about 3 mm) and a height that, in principle, 
is limited by the distance Zp from the upper side of the piston window to the cylinder head. In 
practice, however, the penetration depth is often limited by in-cylinder attenuation. 
Fluorescence is detected through the monochromator at 259 nm (A(v'=0) —> X(v"=3)). This 
configuration has the disadvantage that spatial resolution is lost along the line of sight, but is, 
for the present purpose, outweighed by the fact that the laser beam enters the observation 
volume immediately, so that attenuation losses (of both laser beam and fluorescence) are kept 
to a minimum. Three locations for the probe volume are indicated in figure 7.3.2.1 ; the size of 
the white disks roughly corresponds to the diameter of the laser beam. Points a and c lie along 
one of the spray axes (or, rather, along the plume of visible combustion, which is rotated 

105 



Chapter 7 

clockwise by about 10° with respect to the spray direction due to swirl), whereas point b is 
located in between two spray flames In this configuration, the earliest unambiguous 
fluorescence signals from NO could be detected on location a (tip of the spray flame) at 14° 
aTDC, with the engine running at 10% load Curves for the fluorescence yield (raw data) as a 
function ot crank angle, load and measurement position are given in figure 7.3 2 2 
Interestingly, the fluorescence yield is lower at 50% load than at 10% load (panel a) At 50% 
load first detectable signals of NO were also observed at 14° aTDC, but only between rather 
than within the spray flames (panel b) All curves show a steep rise of the fluorescence 
intensity towards larger crank angles (note the logarithmic ordinate) Not unexpectedly, this 
rise corresponds well to the rise in transmission shown in figure 7 3 12, and it therefore 
seems that, in spite of the favorable optical configuration, the steep rise of the curves in figure 
7 3 2 2 is again due to the changing opacity of the combustion chamber contents 
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Figure 7 3 22 NO fluorescence weld «v function of crank angle, load and probe volume 
location ('fee figure 7 3 2 1), using illumination and detection both through the pnton 
window a) Comparison of different loads and probe locations within the spra\ flames b) 
Comparison of probe locations within and between the spra\ flames The signal-to-noise 
ration increases from about 2 (smallest crank angles) to 800 (largest crank angles) 

The correction procedure for the laser and fluorescence intensity attenuation is slightly 
different from the one used for figures 7 3 14 and 7.3 1 5 This is because an integration 
along the line of sight must be performed This could in principle be done along the same 
lines as discussed above However, the use of an average absorption coefficient is not a very 
good approximation for a configuration that probes the early combustion very locally Indeed, 
applying the above algorithm to the data of figure 7 3 2 2 leads to large scatter in the final 
data points (data not shown) Therefore, only the raw fluorescence data will be discussed 
below 
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7.4 Discussion 

The results presented in the section above show that NO fluorescence signals can be observed 
in a minimally modified combustion chamber of a realistic diesel truck engine (DAF XF 95 
series), running on standard commercial diesel fuel Window fouling did not seriously limit 
the available measurement time However, large attenuation was found for the 226 nm 
radiation early in the combustion stroke (also see figures 7 3 13 and 7 3 16) abruptly setting 
in at start of injection (SOI, figure 7 3 12) At present it is not clear whether this is due to 
scattering or absorption Although we have not run the engine on low-sooting fuel ourselves 
comparison with literature (notably [1]) suggests that commercial diesel fuel in this respect 
behaves very differently from low-sooting fuel 
The results presented in this chapter concern NO LIF data recorded with several optical 
configurations The data processing steps needed to derive density information are in 
principle well understood, albeit not necessarily straightforward to perform in practice For 
fluorescence data obtained relatively late in the combustion stroke (Θ > 30° aTDC) the 
individual correction steps are illustrated in figure 7 3 14 The resulting density information 
was found to reproduce quite well within the experimental accuracy, as illustrated by the data 
obtained from several engine runs taken weeks apart and different optical configurations 
(figure 7 3 15) 

The curves in figure 7 3 15 show a NO density that declines with increasing crank angle 
Most of the decline can trivially be explained by the increasing combustion chamber volume 
However, the curves of figure 7 3 15 decrease slightly faster, which cannot be caused by a 
NO conversion into NOi [3], since the gas temperature is too high for that process It might 
possibly be caused by a mixing of the probed combustion gas with colder gas from other 
regions near to the side walls of the combustion chamber where probably less NO is formed 
In combination with the fluorescence data of figure 7 3 2 2, these curves also imply that the 
NO formation rate possesses a maximum somewhere between 14° aTDC (first signs of NO, 
figure 7 3 2 2) and about 38° aTDC (near the detection limit of the curves in figure 7 3 1 4 ) 
This maximum therefore occurs after the peak heat release (at 8° aTDC, figure 7 3 1 1), at 
some point during the diffusion bum phase Although the highest local temperatures will 
probably be reached during the early spike in the heat release (premixed burn phase), local 
temperatures in the diffusion flame will still be much higher than the mean gas temperature (= 
1300 Κ at 14° aTDC) At this stage, it cannot be decided whether the NO is formed mainly 
via the thermal (Zeldovich) mechanism or that another (e g the Femmore) mechanism 
contributes significantly 

An interesting conclusion from the curves in figure 7 3 2 2b is that at 50% load NO is 
observed earlier between the spray flames (location b in figure 7 3 2 1) than at the position of 
the flames (locations a and c) The difference is at least partly explained by local differences 
in optical thickness of the cylinder contents this early in the stroke Between the spray flames 
the penetration depth of the laser radiation within the combustion chamber is expected to be 
much larger than at locations where it has to pass through a flame Qualitative experimental 
evidence for this is provided by the fact that dunng measurements at location b large back 
reflections of laser light were often seen, due to scattering of laser radiation on the cylinder 
head This hardly ever occurred dunng measurements at the other two locations As a result of 
the larger penetration depth, the probe volume at location b is larger than that at positions a 
andc 

The question remains where the NO between the sprays comes from It may of course be 
formed locally, but it can not be excluded a prion that it is formed elsewhere earlier in the 
combustion and is transported by gas flow to the measurement location For instance, if it is 
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assumed that NO is formed within the spray flame at position a during the peak heat release 
(at 8° aTDC), where it would probably be invisible for LIF detection due to the limited local 
penetration depth, gas velocities of about 20 m/sec would be required to transport it to 
measurement location b at 14° aTDC Although LDA or PIV data on the gas flow velocities 
in this engine are not available, time-resolved images of the visible combustion (data not 
shown) do not provide evidence for the occurrence of such flow patterns However, the 
luminous soot particles need not be faithful tracers of the gas flow The swirl number of a 
XF95 DAF engine is 1 8, measured on a steady state flow test stand without piston [11] This 
implies that the gas flow velocity as a result of the swirl will be about 20 m/s at the 
combustion chamber walls at 65 mm distance from the center of the injector According to 
this calculation, a gas flow velocity of about 10 m/s will be present at position b The average 
piston speed is only about ì m/sec at these crank angles If the piston speed, air inlet and 
compression stroke are included, the gas flow velocity will probably increase, but the value of 
about 20 m/s will probably not be reached at the positions a and b Local formation of NO 
between the spray flames seems therefore more likely The oxygen concentration is high, 
nothing yet being consumed by combustion, and elevated temperatures can be expected 
because of the vicinity of the flame fronts Results reported by Dec [1, fig 4] also provide 
evidence for early NO formation along the outside of the flame front 
Measurements at earlier injection timing (normal operating conditions for this engine 
correspond to SOI at 6 2° bTDC) are in progress Future work will be directed towards 
improving the detection sensitivity, a more quantitative interpretation of the results and 
towards correlating local NO densities with those of other combustion products 
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Samenvatting 

Laser diagnostiek in diesel motoren 

Diesel verbrandingsmotoren zijn haast niet meer uit onze leefomgeving weg te denken Ze 
hebben gedurende de laaste decennia een monopoliepositie verworven in de wereld van 
personen- en goederen-transport Een zeer onaangename bijkomstigheid van het gebruik van 
deze motoren is het alom bekende probleem van uitstoot van voor het milieu schadelijke 
stoffen, met name NOx en roet Onderzoek naar de formatie van deze schadelijke stoffen in 
het verbrandingsproces kan ons de kennis verschaffen het verbrandingsproces zodanig aan te 
passen, dat deze uitstoot aanzienlijk verminderd wordt Een onderzoeksmethode welke het 
verbrandingsproces gedurende de bestudenng met beïnvloedt is de laserdiagnostiek Voor 
toepassing van laserdiagnostische methoden in een motor dient wel de verbrandingskamer 
optisch toegankelijk gemaakt te worden 

In het in dit proefschrift beschreven onderzoek wordt de vorming van stikstofoxide (NO) 
bestudeerd met behulp van de laser geïnduceerde fluorescentie (LIF) techniek De NO 
moleculen worden door laserstraling met een golflengte van 193 nm afkomstig van een ArF 
excimer laser, of van 226 nm afkomstig van een door een Nd YAG laser gepompte dye laser, 
geexciteerd naar de energetisch hoger gelegen elektronische 0~Σ+ (v'=0), respectievelijk Α"Σ+ 

(v'=0) toestand, waarna de moleculen vervallen naar lager gelegen elektronische toestanden 
onder uitzending van straling (fluorescentie) van verschillende golflengtes Deze straling 
wordt opgevangen met een zogenaamde Intensified Charge Coupled Device (ICCD) camera 
Dit gebeurt in combinatie met filters om straling afkomstig van het NO spectraal te scheiden 
van bijvoorbeeld het licht afkomstig van gloeiende roetdeeltjes die aanwezig zijn gedurende 
de verbranding van de dieselbrandstof Op deze manier kan de verdeling van de NO 
moleculen in de verbrandingskamer instantaan bepaald worden 

De studie naar de aanwezigheid van NO dient te gebeuren door het meten van dispersie-
spectra, die de bezetting over de geexciteerde vibrationele energiemveau's weergeven 
Excitatiespectra die de bezetting over de rotationele energiemveau's in de elektronische 
grondtoestand weergeven, zijn niet bruikbaar ter identificatie van NO, omdat bij hoge druk 
zoals in verbrandingsmotoren, de rotationele overgangen niet meer afzonderlijk 
waarneembaar zijn 
De fluorescentieopbrengst wordt echter sterk gereduceerd door botsingsprocessen de 
geexciteerde moleculen kunnen door botsingen met andere moleculen zonder uitzending van 
straling vervallen naar lager gelegen energiemveau's Dit effect vindt in belangrijke mate 
plaats in verbranding onder hoge druk, zoals in motoren Daar zuurstof in hoge mate in het 
dieselverbrandingsproces aanwezig is, dient de aanwezige spectroscopische interferentie 
tussen NO en zuurstof onderzocht te worden Het verrichten van deze studies kan 
gemakkelijker gebeuren in een hoge-druk-, hoge-temperatuurcel dan in een motor en worden 
beschreven in hoofdstuk 3 Ter ondersteuning van voorgaande metingen is gebruik gemaakt 
van 193 nm excitatie naar de D2Z+(v'=0) toestand (e systeem), terwijl de motormetingen zoals 
hoofdzakelijk beschreven in dit proefschrift met 226 nm excitatie gedaan zijn Er is veel meer 
bekend van 226 nm excitatie dan van 193 nm excitatie 

In de cel is het effect van botsingen van NO met stikstof en met argon bestudeerd Het blijkt 
dat de stikstofmoleculen zodanig met de NO moleculen botsen dat onder hoge druk slechts 
fluorescentie vanuit de Α"Σ+(ν'=0) toestand gedetecteerd wordt Er is een eenvoudig 
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botsingsmodel opgezet, dat uitgaat van energieoverdracht vanuit de D2X+ (v'=0) toestand, via 
de Β2Π (v'=7) toestand naar de Α2Σ+ (v'=0) toestand als mogelijke verklaring van dit effect 
De interferentie tussen de Schumann-Runge banden van zuurstof en het e systeem van NO is 
onderzocht Er is aangetoond dat de fluorescentie afkomstig van de NO D2Z+ (v'=0) —> Χ2Π 
(v"=3) overgang spectroscopisch met interfereert met zuurstof Daarnaast zou ook de 
fluorescentie aan de korte golflengte zijde van de D2Z+ (v'=0) —» Χ2Π (v"=4) overgang 
gebruikt kunnen worden ter identificatie van NO in een zuurstof omgeving 
Bij bestudering van verbranding is de bepaling van de gastemperatuur erg belangrijk 
Aangezien er tot nu toe nog geen methode bestaat om deze te bepalen zonder het 
verbrandingsproces te beïnvloeden, is onderzocht of gebruik gemaakt kan worden van de 
zogenaamde twee-lijnen temperatuurmeetmethode De gastemperatuur in de cel en in een 
acetyleenvlam wordt bepaald door excitatie van zuurstof met 193 nm laserlicht vanuit 
verschillende vibrationele niveau's uit de electromsche grondtoestand door gebruik te maken 
van het feit, dat de populatieverdelmg over de verschillende vibrationele niveau s door de 
Boltzmann-verdeling beschreven wordt 

In deze dissertatie worden metingen aan twee dieselmotoren uitvoerig besproken Ten eerste 
zijn in hoofdstuk 4 metingen ter verkrijging van direkte informatie over de NO produktie 
gerapporteerd, welke aan een direct-ingespoten twee-takt diesel motor uitgevoerd zijn De 
tweetakt motor is optisch toegankelijk gemaakt door de montage van dne kwarts zijvensters 
en een topvenster in de verbrandingskop 
Het gemeten NO signaal, waarbij de laserbundel en fluorescentie de verbrandingskamer 
respectievelijk worden in- en uitgekoppeld door het topvenster, is ter verkrijging van de NO 
dichtheid als functie van de krukhoek gecorrigeerd Allereerst is gecorrigeerd voor het 
stralingsloze verval van geexciteerde NO moleculen als gevolg van botsingen met andere 
moleculen Vervolgens hebben correcties plaatsgevonden voor de bezettingsgraad van het 
energieniveau van waaruit geexciteerd wordt, voor de overlap van het laserbundelprofiel met 
het absorptielijnprofiel van de te exciteren NO moleculen en tenslotte voor de transmissie van 
de laserbundel en fluorescentie door het verbrandingsgas heen Aangetoond wordt, dat het 
gebruik van 226 nm laserlicht beter geschikt is voor de bepaling van de NO dichtheid dan 193 
nm laserlicht Afbeeldingen van NO verdelingen zijn gemaakt door excitatie door het 
zij venster en detectie door het topvenster vanal 12° na het bovenste dode punt (nBDP) 

De tweede motor waaraan experimenten gedaan zijn, is een zes-cilinder DAF truckmotor De 
motor zelf wordt uitvoerig beschreven in hoofdstuk 2 en de metingen in hoofdstuk 7 De 
eerste verbrandingskamer van deze zes-cilinder viertakt direct-ingespoten 11 6 liter diesel 
motor is optisch toegankelijk gemaakt door de montage van drie kwartsvensters aan de 
zijkanten van de verbrandingskamer, eén op de plaats van een van de twee uitlaatkleppen en 
één in de zuiger, waardoor bijna de gehele verbrandingsruimte bekeken kan worden De 
verbrandmgskamer is 40 cm hoger geplaatst, door onder andere de zuiger te verlengen, om 
door de zuiger, met daann het venster, het verbrandingsproces te kunnen bestuderen 
Daarnaast is er ook een gleuf in de zuiger gemaakt om de laserbundel in de verbrandingskom 
zelf te kunnen laten komen Het bijzondere aan dit deel van de motor is, dat de zuiger met het 
venster geheel olievnj door de bijbehorende cilinder loopt Om oververhitting te voorkomen 
wordt de brandstofinspuiting in de eerste cilinder ten opzichte van de rest van de motor 
intermitterend bedreven 
In de huidige opzet kunnen afbeeldingen van de NO verdeling gemaakt worden vanaf 29° 
nBDP, waarbij de laserbundel door de zij vensters gaat en de fluorescentie door het 
zuigervenster gedecteerd wordt Bij kleinere krukhoeken is al wel NO aanwezig (zie hierna), 
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maar wordt de laserbundel door de cilinderinhoud (o a het roet en de nog niet verbrande 
diesel) te zeer verzwakt om nog bruikbaar signaal op te leveren 
Het gemeten NO signaal, waarbij de laserbundel door de zijvensters en de fluorescentie zowel 
door het zij venster loodrecht op de richting van de laserbundel als door het topvenster 
gedetecteerd wordt, is gecomgeerd ter verkijging van de NO dichtheid als functie van de 
krukhoek Uit de hieruit verkregen curve volgt dat de maximale NO vorming plaats vindt 
tussen de 14° en de 38° nBDP in de diffuse verbrandingsfase Er kan echter nog niet 
geconcludeerd worden of het NO voornamelijk door het zogenaamde thermische (Zeldovich) 
of een ander (bijv Fenimore) mechanisme gevormd wordt 
Indien de laserbundel door het zuigervenster de verbrandingskamer ingebracht wordt en 
eveneens door het zuigervenster naar het fluorescentiesignaal gekeken wordt, kan het NO als 
functie van de krukhoek gedetecteerd worden vanaf 14° nBDP Een interessant resultaat is dat 
er vroeg in de verbranding eerder NO gedetecteerd wordt op de plaatsen waar geen 
verbranding plaatsvindt dan daar waar de verbranding al aan de gang is Dit kan mede 
veroorzaakt worden door het feit dat daar waar de verbranding al plaatsvindt de transmissie 
van de laserbundel veel slechter is Maar de vraag blijft waar het NO, dat aanwezig is op de 
plaats waar nog geen verbranding heeft plaatsgevonden, vandaan komt Vermoedelijk wordt 
het NO daar ook gevormd Er zijn namelijk geen directe aanwijzingen voor de aanwezigheid 
van hoge transportsnelheden benodigd voor het transport van het NO van de plaatsen in 
verbranding naar de plaats waar nog geen verbranding plaatsgevonden heeft Daarnaast is er 
voldoende zuurstof aanwezig en is de temperatuur er vermoedelijk ook hoog genoeg vanwege 
de directe nabijheid van vlamfronten. 

Niet alleen is de LIF techniek toegepast om NO te bestuderen, maar ook om de dieselsprays in 
de DAF motor zichtbaar te maken en het verbrandingsverloop ten opzichte van de posities 
van deze sprays te onderzoeken, zoals beschreven in hoofdstuk 6 Hiertoe wordt laserstraling 
van 355 nm afkomstig van een Nd.YAG laser gebruikt om de in de diesel aanwezige poly-
aromatische koolwaterstoffen (PAH's) (met 3 à 4 benzeennngen in het molecuul) te exciteren 
Op deze manier kan zeer duidelijk het moment van inspuiting zichtbaar gemaakt worden voor 
verschillende motorbelastingen. Ook kunnen op een duidelijke manier de posities waar de 
verbranding begint en de uitbreiding van de vlam ten opzichte van de dieselspray zichtbaar 
gemaakt worden De PAH moleculen in kwestie kunnen tot circa 18 mm afstand van de 
injector gedetecteerd worden Verder onderzoek is nodig om met zekerheid vast te kunnen 
stellen dat deze afstand ook de werkelijke lengte van de vloeibare dieselspray is 

Daarnaast is er in hoofdstuk 5 ook een begin gemaakt met de toepassing van spontane Raman 
verstrooiing om stikstof en zuurstof gedurende de verbranding te bestuderen Laserlicht met 
een golflengte van 355 nm exciteert de moleculen naar een virtueel energieniveau, waarna de 
moleculen razendsnel terugvallen naar lager gelegen energiemveau's onder uitzending van 
straling Omdat deze methode gebruik maakt van virtuele energiemveau's is het Raman 
signaal veel zwakker dan het LIF signaal, dat gebruik maakt van bestaande energiemveau's 
Ondanks het zwakkere signaal is er toch op deze manier Raman signaal van zuurstof en 
stikstof gedetecteerd aan het begin en aan het eind van de verbranding in de DAF motor 
De Raman techniek is niet gevoelig voor signaalverhes als gevolg van botsingen van de 
geexciteerde moleculen met andersoortige moleculen Een groot voordeel van de Raman 
techniek ten opzichte van de LIF techniek is dan ook dat er minder correcties uitgevoerd 
hoeven te worden op het Raman signaal dan op het LIF signaal Daarnaast is de golflengte 
van de voor de Raman techniek gebruikte laserbundel ook gunstiger dan die gebruikt voor de 
LIF techniek vanwege een betere transmissie van de laserbundel door de verbrandingskamer 
voor grotere golflengte In principe is deze techniek ook toepasbaar op de 
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brandstofmoleculen. Indien de hoeveelheden zuurstof en brandstof op dezelfde plaats in de 
verbrandingskamer bepaald zouden kunnen worden, zouden hieruit instantane, 
plaatsopgeloste lucht-brandstofverhoudingen kunnen worden bepaald. Een dergelijke 
ontwikkeling van mogelijkheden in de bestudering van verbrandingsprocessen zou een grote 
vooruitgang betekenen in de wereld van het diesel verbrandingsonderzoek. 
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STELLINGEN 

I 

Indien het onmogelijk is om het dieselverbrandingsproces met optische technieken optimaal te 
bestuderen als gevolg van een te hoge aanwezige concentratie roet, kan men stellen dat er roet 

in het eten gegooid is 

II 

Het gebruik van 226 nm laserlicht is beter geschikt ter bepaling van de sikstotoxide dichtheid 
in het dieselverbrandingsproces dan 193 nm laserlicht 

III 

De maximale vorming van stikstofoxide vindt plaats gedurende de diffuse verbrandingsfase 

IV 

In het dieselverbrandingsproces wordt stikstofoxide ook gevormd op posities waar nog geen 
verbranding zichtbaar aanwezig is 

V 

De twee-kleuren meetmethode wordt gebruikt ter bepaling van de gemiddelde gastemperatuur 
in vlammen Deze methode wordt veelal fouticl toegepast door de twee kleuren licht te 

detecteren uit een gebied in de vlam waar temperatuurgradienten aanwe/ig zijn 

VI 

Veel wetenschappers hebben er een kunst van gemaakt om behaalde resultaten, welke met aan 
de beoogde doeleinden voldoen, alsnog als zijnde prachtige resultaten te presenteren 

VII 

Onze geest moet in staal zijn om zich vrij te bewegen Als men te stijl en onbeweeglijk is, 
heelt dat tot gevolg dat men broos is en soepelheid mist 

Bron Moesasji, de steen en de sabel door Josjikawa 

VIII 

Als vrouwen in de hete zomer winterkleding dragen, zullen mannen het heel wat minder 
benauwd krijgen 

Enk-Jan van den Boom 
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