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ABSTRACT

The formation of Nitric oxide (NO) in a Diesel en-
gine has been studied as a function of crank angle through-
out the whole combustion cycle, using the Laser Induced
Fluorescence (LIF) technique. Measurements were per-
formed in an optically accessible one-cylinder, two-stroke,
direct injection Diesel engine. The engine was operated
in steady state at different loads and compression ratios.
A tunable ArF excimer laser beam was used to excite the
NO molecules in the D22+ (v'=0) < X2II(v"=1) band at
193 nm. Dispersed fluorescence spectra allowed to dis-
criminate between NO and interfering oxygen fluorescence.
From the spectra, a relative measure for the NO density
present in the probed volume of the cylinder was obtained.
This density was transformed into an in-cylinder NO con-
tent, taking into account the changes in laser intensity,
pressure, temperature and volume during the stroke. The
resulting NO content curves show a slow start of the NO
formation at the beginning of the combustion, gradually
rising to a broad maximum around 50° aTDC. It is con-
cluded that, in this engine, the bulk of NO formation takes
place relatively late in the stroke. This suggests that the
diffusion burning phase of combustion makes an important
contribution to the NO formation, contrary to the model
which assumes that NO is formed mainly during the initial
premixed burn.

INTRODUCTION

The Diesel engine offers the benefits of high fuel
economy and reduced CO, emissions. However, compared
to gasoline engines, its disadvantage lies in its emissions of
nitric oxides (NO,) and particulate matter (PM), which
are meeting increasingly stringent regulations in Europe,
North America, and the Far East. The chemistry of NO,
formation is thought to be well understood, but the com-
plex physics of diesel injection and combustion makes an
analytical approach to understanding NO formation in a
Diesel engine difficult. The objective of this work was to

quantify the nitric oxide (NO) content of a Diesel engine
cylinder as a function of time throughout the whole com-
bustion cycle using optical diagnostics based on Laser In-
duced Fluorescence.

Laser-based diagnostics are of interest for the
study of combustion processes because they allow non-
intrusive, spatially and temporally resolved measurements
of specific chemical species [1]. The combination of reso-
nant Mie scattering and Two-Dimensional Laser Induced
Incandescence (2D-LII) can be used to visualize in-cylinder
soot distributions in Diesel engines [2, 3]. The Laser In-
duced Fluorescence (LIF) technique has the sensitivity to
provide information about the different molecules present
in combustion processes. This LIF technique is in princi-
ple a two step process: electronic excitation of molecules
by a laser beam and detection of the ensuing fluorescence.
The fluorescence can be dispersed by a monochromator
to obtain spectrally resolved information or a filter can
be used to single out a specific fluorescence wavelength.
By the use of the Planar LIF (PLIF) technique, which
involves excitation by a thin laser sheet and detection of
the fluorescence through a filter in a direction perpendicu-
lar to the sheet, two-dimensional images can be obtained.
The (P)LIF technique has been used to demonstrate the
presence of a large variety of molecular species in combus-
tion processes, but quantification of fluorescence signals
is difficult. The fluorescence signal is proportional to the
local density of molecules excited by the laser beam and
to the fraction of excited molecules that fluoresces at the
right wavelength. However, the proportionality constant
depends strongly on the local pressure and temperature,
the local laser intensity and the chemical composition of
the environment. Since most of these parameters are not
known and difficult to measure, some assumptions have to
be made to obtain quantitative data. Another problem
is the possible spectroscopic interference between different
molecules.

The LIF technique has been applied before to both
SI engines (see e.g. the recent work of Sick et al. [4, 5] and
references in there) and to Diesel engines [6, 7, 8, 9] to mea-



sure the in-cylinder NO distribution and the in-cylinder
NO content. Nakagawa et al. [7] applied PLIF imaging to
a single fuel jet Diesel research engine running on a mixed
fuel to minimize soot production. However, to obtain suf-
ficient NO fluorescence they used oxygen enriched intake
air. Their results showed the location of the NO relative to
the reacting fuel jet, but the start and the end of the NO
formation are not determined. They did not correct their
data for changes in laser intensity, pressure, temperature
and mixing to obtain some quantitative information about
the amount of NO present in the cylinder.

Recently, an impressive paper by Dec and
Canaan [8] presented NO distributions showing the tim-
ing and location of NO formation in a DI Diesel en-
gine running on a low-sooting fuel, obtained by single-
shot PLIF imaging. They used a tripled Nd:YAG laser
pumping a narrow-line optical parametric oscillator (OPQO)
to excite the NO molecules in the A(v'=0) + X(v"'=0)
band at 226.035 nm and detected the fluorescence of the
A('=0) - X(v'"=1,2,3,4) bands. In addition to the NO

distributions, a curve of the total averaged NO PLIF in-
tensity as a function of crank angle was shown, obtained
by integrating the NO PLIF signal over a representative
sector of the combustion chamber. In order to determine
the total in-cylinder NO content the integrated NO PLIF
signal was corrected for the effects of pressure, tempera-
ture and mixing. However, no attention was given to the
attenuation of the laser intensity or the induced fluores-
cence on its way through the combustion chamber. They
found that NO formation does not start during the pre-
mixed combustion (which is fuel rich), but begins around
the fuel jet periphery just after the diffusion flame forms,
where it remains until the jet structure begins to disap-
pear. As the burn-out phase continues, NO remains along
the track of the fuel jet, and the NO formation continues
in the hot post-combustion gases after the end of combus-
tion. The NO content curve shows that only 67% of the
NO has formed by the end of the apparent heat release, so
NO formation must continue in the post-combustion gases
after the diffusion flame has gone out.
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Figure 1: Schematical view of the modified two-stroke Diesel engine and the optical setup. The engine is optically accessible by two
windows in the side wall (side windows; W1,2) and the window in the top of the cylinder head (top window; W3). The ArF excimer
laser beam enters the combustion chamber through the top window. The induced fluorescence or natural flame luminosity is detected
through the top window by a gated CCD camera, positioned behind a monochromator. Spray directions of the three-hole nozzle are
indicated (arrows 1-3 in a) and b)); an image of the natural flame luminosity (recorded at TDC) is shown in the insert to figure a).



Engine Make

Engine Type

Bore

Stroke (effective)
Cylinder capacity
Fuel injection
Exhaust port opening
Intake port opening

Sachs

Two-stroke, One-cylinder, DI Diesel
81.5 mm

80 mm (55 mm)

412 cc

direct, 3 hole injector

105° aTDC

121° aTDC

Table 1: Specifications of the modified engine.

Engine speed
Injection timing
Intake air pressure
Intake air temperature
Compression ratio
Load

Fuel

1200 rpm

27° bTDC

1.2 bar (absolute)

320 K (estimated)

12.4, 13.4, 14.4

0.44, 0.75, 0.88 kW

Diesel fuel (2 types, numbered 1 and 2)
Production Diesel (see table 3)

Table 2: Operating conditions of the modified engine.

In the present work, the LIF technique was used to obtain
dispersed fluorescence spectra of NO from an optically ac-
cessible two-stroke DI Diesel engine. The engine was oper-
ated in normal mode (i.e. not skip-fired) on standard pro-
duction Diesel fuel and ambient (non-oxygen-enriched) in-
take air. Using an excimer laser to excite the NO molecules
in the D(v="0) + X(v"=1) band at 193.377 nm, NO flu-
orescence could be detected during the whole combustion
process. Dispersed fluorescence spectra in the wavelength
range between 200 nm and 230 nm were obtained as a
function of crank angle using a monochromator. The main
advantage of dispersed fluorescence spectra over images
is that the spectra allow discrimination between NO and
Oxygen (O2) fluorescence. When the fluorescence was dis-
persed into its different wavelength components the inter-
ference of NO and O fluorescence could clearly be seen.
The spectra allowed to discriminate against Oy fluores-
cence and to arrive at a semi-quantitative measure for the
amount of NO inside the probed volume of the cylinder as
a function of crank angle. These data were processed for
the changes in laser intensity, pressure, temperature and
volume during the stroke in order to obtain an in-cylinder
NO density as a function of crank angle.

A second aim of this work was also to make a quali-
tative/quantitative assessment of the effect on NO produc-
tion of engine conditions (compression ratio and load) and
fuel. To that end, dispersed fluorescence spectra of NO
were measured for different engine conditions and fuels.

This paper begins with a description of the exper-
imental method, including the engine, its operating condi-
tions and the optics used to obtain the dispersed fluores-
cence spectra. Then the results are presented: the engine
characteristics observed, the fluorescence spectra obtained
by dispersing the LIF signal, and the translation of the
fluorescence yield into a semi-quantitative measure of NO
content. These results are then discussed in terms of the

effects of engine conditions and fuels on NO formation. Fi-
nally, the findings of this work are compared with current
theoretical and experimental measurements of NO in the
literature and some conclusions are drawn.

EXPERIMENTAL METHOD
ENGINE

Measurements were performed on a one-cylinder,
direct-injection (DI), two-stroke Diesel engine. The engine
was modified quite considerably, as described below, in or-
der to provide full optical access during the whole cycle.
As a result, it may not be very representative for typical
production engines, but is well suited for the evaluation of
laser diagnostics, one of the aims of the present work. The
modified engine is shown schematically in figure 1 and its
specifications are given in table 1. The combustion cham-
ber of the engine was made optically accessible by mount-
ing two quartz (Suprasil I) windows in the cylinder wall
(side windows (W1,2 in fig. 1); 25 x 10 mm, thickness
25 mm) and one in the top of the cylinder head (top win-
dow (W3); diameter 25 mm, thickness 35 mm). A piston
with a slot of 0.5 mm depth and a width of 25 mm in its
upper surface was used to provide optical access through
the side windows during the whole combustion stroke. As
the top window was placed at the original position of the
injector, fuel was injected through a modified three hole
injector placed at an angle of 55 degrees with the cylinder
axis, as shown in figure 1b. The three sprays (35° angle
between them) all lay in one plane containing the injec-
tor axis. In order to prevent one of the sprays hitting the
laser beam entrance window (W1), the spray plane was ro-
tated 30° around the injector axis. Fuel injection starts at
27° bTDC with an (initial) injection pressure of 170 bar.
The original scavenging ports and inlet were closed, in or-



Fuel Code

Density (g/ml)
Distillation (°C)

IBP

T10

T50

T90

T95

FBP

Sulphur (%m/m)
Cetane Number
Aromatics HPLC (%m/m)
1-ring

2-ring

3-ring

Total

Viscosity (¢St at 40°C)

Fuel 1 Fuel 2
0.8242 0.8233
166 184
194 215
235 250
326 292
347 309
364 327
0.16 0.02
47.1 53.2
15.1 14.0
2.9 2.6
0.7 0.2
18.7 16.8
2.04 2.25

Table 3: Details of the test fuels.

der to avoid particulates to flow from the crank case to the
measurement volume where they could strongly attenuate
the laser beam. The fresh air required for the combustion
was added through a new inlet at a small overpressure
(0.2 bar) in order to improve scavenging. Because conven-
tional oil is not UV transparent, an alternative, chemically
inert, UV transparent oil (Fomblin Y25, Ausimont S.P.A.)
was used in order to avoid attenuation of the laser beam
by the oil film that is formed on the windows. Since, how-
ever, the lubricating qualities of this oil are poor, operat-
ing times were limited to about 20 minutes, and the en-
gine could only be operated at low load. Window fouling
turned out to be relatively unimportant. The top window
(W3) stayed clear during the whole measurement period
(although it became slightly etched in the long run). The
engine was operated in steady-state at 1200 rpm on differ-
ent fuels and compression ratios and loaded by an electric
water-cooled brake at various loads. Operating conditions
are summarized in table 2. Note that, as a result of all
modifications, the compression ratio of this engine is rela-
tively low.

DETAILS OF TEST FUELS

The two fuels selected were standard production
automotive diesel oil, meeting the European EN590 speci-
fication. The details of the test fuels are given in table 3.
The main differences between them were that fuel 2 had a
narrower distillation range, lower T95, lower sulphur con-
tent, and higher cetane number than fuel 1.

OPTICAL SETUP

The optical setup used in the LIF experiments
is also indicated schematically in figure 1. A pulsed
ArF excimer laser (A-Physik, Compex 350T), tunable be-
tween 192.9 and 193.9 nm with 20 ns pulse duration and
a bandwidth of 1 cm™!, was used to excite nitric ox-
ide molecules at the R;(26.5)/Q1(32.5) transition in the

D2¥*(v'=0) + X2II(v""=1) band at 193.38 nm [10]. This
transition was selected to minimize interference from vi-
brationally hot oxygen, that has several strong absorptions
within the tuning range of the excimer laser [11, 12, 13, 14].
The laser was synchronised to the position of the piston
with an accuracy of 0.6 degree crank angle. It was man-
ually tuned to resonance with the NO transition before
each measurement cycle; frequency drift during each mea-
surement was less than the laser bandwidth and negligible
with respect to the observed NO line widths. A normal
incidence 193 nm laser mirror was used in front of the col-
lection optics to suppress Mie scattered radiation.

To obtain dispersed fluorescence spectra, the un-
focused, rectangular laser beam (25 x 3 mm?) was cou-
pled into the combustion chamber through the top window,
with a pulse energy of 130 mJ, typically. The area illumi-
nated by the laser beam is indicated in figure 1a. The ensu-
ing fluorescence was coupled out also through the top win-
dow, and detected by a gated (50 ns) intensified CCD cam-
era (Princeton Instruments, ICCD-576G /RB-E) placed be-
hind a monochromator (Chromex 250i; 1200 gr/mm grat-
ing, entrance slit width 50 um, slit oriented parallel to the
length of the illuminated area), which was used to dis-
perse the induced fluorescence in its different wavelength
components. This system effectively constitutes an Opti-
cal Multichannel Analyzer (OMA). The spectrally resolved
fluorescence was averaged over the height of the slit, and
therefore represents an average over the whole probe vol-
ume.

The main advantage of this setup is that the laser
beam enters the combustion chamber directly within the
observation area; attenuation losses are therefore kept to
a minimum and nearly all laser intensity can be used for
excitation of NO. A disadvantage, however, is that part
of the spatial resolution is lost, because the combustion
chamber is illuminated along the line of sight of the detec-
tor. Furthermore, there is a contribution to the scattered
signal at 208 nm, the wavelength that is most suitable for
recording in-cylinder distributions of NO, that appears to



be due to Raman scattering by the quartz top window.
These facts preclude obtaining NO fluorescence distribu-
tions by illumination through the top window.

RESULTS AND DISCUSSION
ENGINE CHARACTERISTICS

To obtain some information about the character-
istics of the modified engine, the in-cylinder pressure was
measured for the different engine operating conditions.
This was used, together with the volume, to calculate the
heat release and the mean gas temperature, on the assump-
tion of an ideal gas in the cylinder and neglecting crevice
flows [16].

A typical in-cylinder pressure curve and its deriva-
tive with respect to crank angle are given in figures 2a
and b. (Similar curves were obtained at other engine condi-
tions.) In this case the engine was running on Diesel fuel 1,
at a compression ratio of 14.4 and loaded by 0.44 kW. In
the modified engine the peak pressure, typically around
75 bar, is already reached at Top Dead Centre (TDC). At
the moment the exhaust opens the pressure has dropped to
2 bar. The maximum change in pressure as derived from
the derivative of the pressure is 7.4 bar/dca!, which is rela-
tively large. The heat release calculated from the curves of
figures 2a and b and the volume is given in figure 2c. The
mean gas temperature inside the cylinder is derived from
the heat release curve, taking an air temperature of 320 K
at the moment the exhaust port closes. This temperature
curve is given in figure 2d (solid curve) and shows a max-
imum temperature of 1470 K a few degrees after TDC,
dropping to about 580 K just before the exhaust opens.

Since the mean gas temperature is not necessarily
decisive with respect to the NO formation, it is of inter-
est to look at another measure of (local) temperature, as
can be obtained from the natural flame luminosity [15].
Combustion was seen to start around 15° bTDC and the
natural flame emission, appearing white to the unaided
eye, could be observed till around 60° aTDC. The inten-
sity of the observed flame luminosity (integrated over the
observation area) is included in figure 2c. Evidently, the
visible combustion continues long after the main contri-
bution to the heat release. Dispersing the flame emission
results in a spectrum which shows no spectral structure
that might be ascribed to fluorescence of excited molecules.
This indicates that it results mainly from glowing soot par-
ticles. The spectrum can be fitted to a Planck black body
radiation curve and can therefore be used to determine
a temperature. By recording the dispersed natural flame
emission for all different crank angles at which the emis-
sion could be observed, a temperature as a function of
crank angle is obtained. This so-called soot temperature
is also given in figure 2d (solid black squares). The dashed
curve is an extrapolation based on adiabatic expansion of
an ideal gas (y=1.36) during the later part of the stroke,
matched to the intermediate part of the measured data.
This soot temperature has a maximum of about 2300 K

ldca=degree crank angle

and is much higher than the mean gas temperature. The
reason for the difference is found in the fact that the cylin-
der contents are not likely to be in thermal equilibrium.
The mean gas temperature represents an average temper-
ature of the gas inside the whole cylinder, whereas the
soot temperature represents the temperature of the locally
present soot. This latter temperature is obtained from the
actual combustion where the temperature is locally high
and not yet in equilibrium with the rest of the gas in the
cylinder. The high temperature obtained for the soot is in
agreement with the temperature following from the colour
of the flame emission. The white colour indicates a tem-
perature of carbon particles around 2000 - 2500 K [16].

The shapes of the pressure curve, its derivative
and the heat release indicate that the engine conditions
were not optimal. However, a compromise had to be found
between low engine wear and high NO production. Un-
der normal operating conditions (high load, high speed),
the engine wear (liner and rings) would increase dramat-
ically due to the use of the alternative lubricant. In the
present experiments the load and the engine speed were
kept low and the injection timing was advanced, resulting
in a higher peak pressure and temperature. As a result,
the NO formation was increased while the soot production
was kept low.

DISPERSED FLUORESCENCE SPECTRA

Dispersed fluorescence spectra were obtained by
coupling in the laser beam through the top window and
detecting the fluorescence also through the top window
with the OMA system. The laser induced fluorescence,
dispersed into its wavelength components between 200 nm
and 230 nm, is shown in figure 3 for different crank an-
gles. During the measurement of this series of dispersion
spectra, the engine was running on Diesel fuel 1 at a com-
pression ratio of 14.4 and loaded by 0.44 kW. The spectra
are averaged over 100 engine cycles and represent an aver-
age fluorescence signal of a narrow strip (25 X ca. 0.5 mm)
with a vertical extent depending on the penetration depth
of the laser radiation. No background signal from natural
flame emission is observed in this wavelength region with
the used camera gate width of 50 ns, so that all observed
signal is laser induced. The peak at 207.8 nm present in
all spectra is an artefact of the measurement setup, caused
probably by Raman scattering of the quartz top window.
All spectra show spectral structure indicating that fluo-
rescence can be obtained through the whole stroke, even
at TDC where the pressure and temperature are high and
attenuation of the laser radiation is strong.

Around 30° aTDC, a conspicuous qualitative
change in spectral structure and intensity is seen. The
grey bands in figure 3 mark the spectrally broad struc-
tures at 208 nm (red shoulder of the quartz phosphores-
cence peak), 216 nm and 225 nm. These structures can
be attributed to NO fluorescence from the directly excited
D(v'=0)-state to the X(v"=3,4,5)-states, respectively (the
D(v'=0) — X(v"=2) band at 201 nm is suppressed by the
193 nm mirror). The two weaker emission signals seen at
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Figure 2: Parameters of the modified Diesel engine running steadily on Diesel fuel 1 at a compression ratio of 14.4 and loaded
by 0.44 kW. a) Pressure; b) Derivative of the pressure with respect to crank angle; c) Heat release (solid curve) and integrated
intensity of the natural flame emission (dashed curve); d) Mean gas temperature derived from the heat release (solid curve) and soot
temperature derived from the spectrum of the natural flame emission (solid black squares). The dashed curve is an extrapolation
based on adiabatic expansion of an ideal gas during the later part of the stroke, matched to the intermediate part of the measured
data.
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Figure 3: Dispersed fluorescence spectra of NO (averaged over 100 engine cycles) at different crank angles obtained from the engine
running on Diesel fuel 1 at a compression ratio of 14.4 and loaded by 0.44 kW. All spectra are at the same scale unless indicated
otherwise. The persistent peak at 207.8 nm is an artefact of the quartz top window. The grey bands indicate the positions of the
D’TH(v'=0) — X°TI(v'=3,4,5) bands of NO.



212.5 nm and 220 nm (for ® X 40° aTDC) result from NO
fluorescence out of the C(v'=0)-state, populated by Elec-
tronic Energy Transfer (EET), to the X(v"=3,4)-states.
For ® < 30° aTDC, additional peaks at 211 nm and
217.5 nm are present besides the NO signals. These flu-
orescence features can be ascribed to hot oxygen (Os).
Within the tuning range of an excimer laser operated on
ArF a number of O, transitions in the Schumann-Runge
B*Yt « X®%, system can be excited, the strongest of
which start from v”"=2 or 3 [11, 12, 13, 14]. At the
high temperatures that are reached during the combustion
around TDC, these vibrationally excited levels are suffi-
ciently populated to give fluorescence signals. When using
an ArF laser, completely avoiding Os excitation at high
temperatures is difficult because all strong NO transitions
lie close to some Q> resonance. The O fluorescence is
characterized by narrow doublet structures, due to fast
predissociation of the upper state [11, 12, 13]. Also the
doublet structure seen at 225 nm near TDC is the result
of fluorescence of Os. Around 225 nm, only the shape of
the peak changes with increasing crank angle from a dou-
blet structure (characteristic for Oz) for @ < 30° aTDC
to a broad, rippled structure (characteristic for NO) for
© 2 30° aTDC, because the fluorescence bands of NO
and O coincide in this wavelength region. Although
NO fluorescence is the most evident in the spectra for
® 2 30° aTDC, it can already be seen in the spectrum
recorded at 6° bTDC. The spectrum at 180° aTDC (BDC)
shows no NO fluorescence, indicating that every cycle all
NO is removed by scavenging. (For comparison, Braumer
et al. found that five cycles were needed to completely re-
move all NO in their SI engine [17]). At 180° aTDC, no
oxygen fluorescence is seen neither, because of the small
population of the v/ = 2 and 3 as a result of the low tem-
perature at that moment.

Similar series of spectra, reproducing well, were
obtained for several engine runs. Also, dispersed fluores-
cence spectra were obtained for other engine conditions.
They show the same spectral structures and only little
difference is seen in the intensity of the NO fluorescence
peaks, mainly around TDC. The NO dispersion spectra
provide information on the amount of NO present inside
the probed volume of the cylinder, which can be used to
obtain an in-cylinder NO density. They also provide infor-
mation about the wavelengths of the fluorescence bands of
NO and O, obtained from the running engine. This infor-
mation is necessary to determine a fluorescence band of NO
free from Os fluorescence for imaging of NO distributions.

NO DENSITY

The area below the NO fluorescence peaks in the
dispersion spectra (the so-called fluorescence yield) pro-
vides information on the amount of NO present inside the
probed volume of the cylinder at different crank angles.
To compare the fluorescence yields at different crank an-
gles and engine conditions it is necessary to convert them
into more quantitative data. However, as almost all NO
fluorescence bands are overlapped by O, fluorescence, the
structures due to O fluorescence have to be taken into

account. From this point of view the NO fluorescence
band at 208 nm would be best suited for evaluation, but
unfortunately it is exactly at this wavelength that inter-
ference with a signal originating from the quartz window
occurs. Alternatively, the NO peak at 216 nm was used,
because it is only slightly mixed with the O5 fluorescence at
217.5 nm. To determine the contribution of Os, the peaks
in the 12° bTDC spectrum (where only O, fluorescence is
present) are fitted to Gaussian curves. Because the posi-
tion and shape of the Oy peaks do not change during the
stroke (a benefit of the fast predissociation of the B-state),
this result can be used, together with a proportionality
constant for the change in intensity, to determine the O2
contribution to the emission in the 216-218 nm region at
all crank angles. Taking this contribution into account, the
NO fluorescence at 216 nm is fitted to a Gaussian curve
in order to obtain an NO fluorescence yield. Following
this procedure, fluorescence yield curves as a function of
crank angle are obtained for the engine at different oper-
ating conditions (fuel, load, compression ratio). The flu-
orescence yield curve obtained from the spectra presented
in figure 3 is given in figure 4a (open squares). Curves ob-
tained for other engine conditions look rather similar and
most of the differences are seen around TDC (discussed be-
low). However, comparison of just the fluorescence yields
would be deceptive because they also depend on the pres-
sure, temperature and laser radiation intensity inside the
cylinder. These parameters vary during the stroke and for
different engine conditions. Therefore, in order to compare
the fluorescence yields throughout the stroke and for dif-
ferent engine conditions, they have to be translated into
an in-cylinder NO concentration, taking into account the
changing in-cylinder conditions. The model used to pro-
cess the measured fluorescence yield is described in the
Appendix.

Two NO density curves as a function of crank an-
gle derived from the fluorescence yield curve in figure 4a
following the procedure described in the Appendix, are
given in figure 4b. The difference between the curves is
the temperature used in the processing. The curve with
solid black squares results from using the mean gas tem-
perature whereas the curve with solid circles results from
using the soot temperature. For comparison these two tem-
perature curves are included in figure 4a. For both curves
the in-cylinder pressure given in figure 2 is used. Under the
assumption that the probe volume is representative for the
whole cylinder content (see Appendix and figure 1c), NO
content curves can be derived from the density curves, re-
sulting in figure 4c.

Before discussing the shape of the curves in fig-
ure 4, some discussion concerning possible error sources is
appropriate. However, since most of these are systematic
errors that appear in all NO content curves they do not
affect the relative differences between curves, and NO con-
tent curves at different engine conditions can be compared.
Because the fluorescence yield curves obtained for several
engine runs reproduce well, the accuracy of the obtained
NO content curve will be determined mainly by the preci-
sion of the fluorescence yield processing method. Although
the generalrelationship between thefluorescence yield and
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angle dependent) cylinder volume. Engine running on fuel 1, e = 14.4 and 0.44 kW load.



the NO content is well established (equation 1 of the Ap-
pendix), some errors will be introduced by the assumptions
made in obtaining the different factors that are used in the
model. It is, for instance, not clear which temperature has
to be used in the processing. Neither the soot temper-
ature nor the mean gas temperature represents the local
temperature at the position the NO is measured. During
the actual combustion, the relevant temperature is proba-
bly higher than the mean gas temperature, as the cylinder
contents are not likely to be in thermal equilibrium at that
moment. The soot temperature may therefore be a better
estimate for the NO temperature in the beginning of the
combustion. However, this temperature will likely be too
high at the end of the combustion, since the gases cool
down faster than the soot particles. Probably, a realistic
temperature of the probe volume is somewhere in between
the two temperature curves of figure 4a. The effect of the
two different temperatures is seen in figure 4b where NO
density curves are given resulting from the same fluores-
cence yield curve using both temperatures. The use of the
soot temperature results in a curve that shows a steeper
rise of the NO density in the early phase of the combus-
tion. (Note that both curves are in arbitrary units, so only
their shapes should be compared.)

The NO density curve, given in figure 4b, shows
that NO can first be detected at 6° bTDC and that its den-
sity increases throughout the combustion stroke till around
20° aTDC, depending slightly on the temperature used in
the derivation. The subsequent decrease is largely due to
the expanding in-cylinder volume, as can be seen from the
NO content curves of figure 4c. The latter continue to rise
up to about 50° aTDC, after which they more or less level
off or show a small decrease. Comparison of the NO curves
with the engine parameter curves of figure 2 leads to the
conclusion that, in this (considerably modified) engine, the
bulk of NO formation does not coincide with the highest
pressure and temperature part of the stroke. Neither is any
relation seen between the NO formation and the peak of
the premixed burn in the heat release curve at 12° bTDC.
At this crank angle only O fluorescence is present in the
spectra of figure 3, indicating that, although there defi-
nitely is laser intensity within the cylinder (and note that
the O, fluorescence in all spectra up to 25° aTDC is about
equally strong), the NO density is still below the detection
limit. The bulk of NO formation takes place relatively late
in the stroke, suggesting that the diffusion burning phase
of combustion makes an important contribution to the NO
formation.

The apparently late start of NO formation im-
plied by the NO curves of figure 4 may raise the question
whether all laser intensity might be absorbed early in the
combustion chamber, before reaching the area where NO is
formed. Although this possibility can not unequivocally be
excluded (since the laser intensity cannot directly be mea-
sured within the cylinder), it is not considered very likely,
again because of the presence of the Oy fluorescence. This
fluorescence originates from excitation of Oz molecules in
the v''=2 or 3 states. (In fact, the temperature dependence
of the O, is even stronger than that of the NO fluorescence,
because the lower levels involved are at a higher energy in
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02 (v"=3 J"=5/15 around 5800 cm~!) than in NO (v"'=1,
J"=26.5/32.5 around 4300 cm~!)). Thus, it is likely that
the O fluorescence signal originates mainly in the high-
est temperature regions within the cylinder, that is, from
around the spray edges where the premixed combustion oc-
curs. This is also the region where NO might be expected
to form (see images in Dec and Canaan [8]). Therefore,
the absence of detectable NO fluorescence in the presence
of hot O4 fluorescence can be taken as an indication that
NO formation has not yet begun at 12° bTDC.

This somewhat surprising result is supported by
theoretical predictions by the group of Peters [18] and
also by recent experimental results from other research
groups [7, 8]. Nakagawa et al. [7] found that NO was
formed on the lean side of the flame, where oxygen is
present and the temperature is high. The region where
NO is located was found to expand during the combus-
tion, indicating that NO is not formed in the regions where
the premixed combustion occurs. Images reported by Dec
and Canaan [8] showed that, in their engine, NO forma-
tion starts around the jet periphery just after the diffusion
flame forms. They found that NO remained confined to the
edge of the jet until the jet structure disappeared. As the
combustion continued, NO formation continued in the hot
post-combustion gases, in the trail of the reacting fuel jet.
Also, their NO content curve showed that NO formation
does not arise from the premixed combustion but starts
just after the diffusion flame forms and continues in the
hot post-combustion gases after the end of the combustion.
Only 67% of the NO had formed by the end of the apparent
heat release. This is in contrast with models that predict
that the premixed combustion has a large contribution to
the NO formation and that NO, emissions correlate with
the amount of fuel consumed during the initial premixed
burn [19, 20]. As several different laser diagnostic mea-
surements are in agreement that the premixed burn is too
fuel rich to produce significant NO, a correlation of NO,
emission with the fuel consumption during the premixed
burn must arise for other reasons, as discussed in [8].

The small decline of the NO content curves at
larger crank angles can possibly be explained by the fact
that NO is not chemically stable. In the colder part of the
stroke, NO can be oxidized to NOy (after the combustion
there is still a lot of Oy present), leading to a reduction
of the NO content. This has also been predicted by calcu-
lations [18]. A relatively large conversion to NO; in this
engine, used at a light load, would be consistent with a
generally high NO5/NO ratio at the exhaust occuring in
light-load Diesel engines [16].

EFFECT OF ENGINE CONDITIONS

To study the effect of different engine conditions
on the NO content, the compression ratio (¢), fuel and load
were varied. Dispersed fluorescence spectra were recorded
for the different engine conditions. They were evaluated
using the mean gas temperature in the way described in
the Appendix in order to obtain NO density curves as a
function of crank angle. The NO density curves shown in
figure 5a are obtained at different compression ratios
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Figure 5: NO density curves obtained from the integrated NO fluorescence yield of dispersed fluorescence spectra recorded at different
engine conditions.

a) Compression ratio e=14.4 (solid black squares) and e=13.4 (open squares); (fuel 1, 0.44 kW load)

b) Fuel 1 (solid black squares) and 2 (open squares); (e=13.4, 0.44 kW load)

c¢) Load of 0.75 kW (solid black squares) and 0.88 kW (open squares); (e=12.4, fuel 2)
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(e=14.4 (solid black squares); €=13.4 (open squares)),
those in figure 5b result from the engine running on dif-
ferent fuels (fuel 1 (solid black squares); fuel 2 (open
squares)), and those in figure 5c are obtained from the
engine loaded by different loads (0.75 kW (solid black
squares); 0.88 kW (open squares)). From the curves in
figure 5 it can be concluded that changing the engine con-
ditions within these limits has only little influence on the
NO content. A higher compression ratio leads to an earlier
start of NO formation, as can be seen in figure 5a. This
also follows from a comparison of the curves of figures 5a
and ¢ where the NO formation in the situation with the
lower € (figure 5¢) starts much later. A possible explana-
tion for this could be that, for lower compression ratios,
the lower temperatures prevailing during most of the com-
bustion cycle reduce all reaction rates, leading to a slower
rise of the NO density to above the detection limit. (Note
that absolute values in figure 5 may not be compared be-
tween graphs.) From figure 5b it follows that for both fuels
NO formation starts at the same crank angle, but the early
diffusion burning contributes more to the NO formation in
the case of fuel 1. Because NO formation continues longer
in the case of fuel 2, the densities reached at the end of
the cycle are comparable. The influence of load can be
derived from figure 5¢. A higher load results in a slightly
advanced rise of the NO density, which can be the result
of the higher temperatures at higher loads, but otherwise
the two curves are very similar.

As discussed in the context of figure 4, the den-
sity curves can be converted to NO content curves, thus
removing the effect of the increasing in-cylinder volume.
All NO content curves thus derived from figure 5 show a
slow start of NO formation followed by a steep rise around
30° aTDC and a maximum around 80° aTDC, after which
a small decrease follows. This indicates that, for all con-
ditions studied, the NO formation does not arise from the
initial premixed combustion but that the diffusion burning
phase of combustion makes an important contribution.

CONCLUSION

The Laser Induced Fluorescence (LIF) technique
was used to study the nitric oxide (NO) content and dis-
tribution inside the combustion chamber of an optically
accessible two-stroke Diesel engine running on standard
production Diesel. Using 193 nm excitation of NO and de-
tection of the ensuing fluorescence at 216 nm allowed the
determination of NO density throughout the whole com-
bustion stroke.

Dispersed fluorescence spectra as a function of
crank angle were measured. They show spectral structure
resulting from NO fluorescence from 6° bTDC onwards.
Close to TDC (© < 45° aTDC), additional fluorescence
resulting from hot oxygen (O3), partly overlapping the NO
fluorescence bands, was seen. In the evaluation of the mea-
sured fluorescence signals, this interfering O» fluorescence
was taken into account.

From the dispersed fluorescence spectra a relative
measure for the amount of NO present inside the cylin-
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der was obtained. In order to compare the amounts of
NO throughout the stroke and for different engine condi-
tions, fluorescence spectra were processed for the changing
in-cylinder conditions (volume, pressure, temperature and
laser radiation intensity). This transformation required
knowledge of the local temperature within the probe vol-
ume.

The resulting NO content curves showed, for this
engine, a slow start of NO formation followed by a steep
rise around 30° aTDC to a maximum around 80° aTDC.
This indicates that the diffusion burning phase of the com-
bustion makes an important contribution to the NO for-
mation and that NO formation continues in the hot post-
combustion gases. This result is in agreement with the re-
cently presented results from the group of Dec [8], showing
that NO was formed at the periphery of the jet, starting
just after the diffusion flame forms. Towards the end of
the stroke a small decline of the NO content curves was
seen. This could be due to the conversion of NO to NOy
in the colder part of the stroke.

In the future, planar LIF will be used to obtain
two-dimensional distributions of NO fluorescence, using
the O, interference-free band at 208 nm. In addition,
the LIF method will be applied on a realistic six-cylinder,
direct-injection, 11.6/ DAF Diesel engine. One of the
cylinders is elongated and has been made optically acces-
sible by a window in the piston and windows in the top of
the cylinder wall. Also, other excitation/detection schemes
will be pursued, notably using 226 nm excitation of NO in
the A(v' = 0) + X(v"” = 0) band. First measurements us-
ing this excitation pathway are currently being evaluated
[26].
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APPENDIX: SIGNAL PROCESSING

In order to quantify the measured fluorescence
yield, all factors concerning the excitation of the molecules
and the induced fluorescence resulting from the excited

Sur = C/VPNO(mIL(f)AF(mfv,J(T)@(PaT)g(VLaVa)d37'

where the integration is taken over the whole laser-
illuminated volume seen by the detector. C'is a proportion-
ality constant, I, (7) is the local intensity of the laser beam
and Ap(7) is a factor describing the attenuation of induced
fluorescence on its way to the top window. The Boltz-
mann fraction, fy, ;(T), describes the temperature depen-
dent population of the probed state. The Stern-Vollmer
factor, p(P,T), accounts for the competition between ra-
diative and non-radiative (collision-induced) decay of ex-
cited molecules, and g(v1,, v,) is the overlap integral of the
laser line profile with the NO absorption spectrum. In the
model rotational energy transfer in the ground state is ne-
glected because of the low laser intensity inside the engine.

In order to extract a NO density from the mea-
sured fluorescence yield, all factors in equation 1 have to
be known. However, although the general relationship be-
tween the fluorescence yield and the NO content is clear,
most of the individual factors are difficult to obtain. Fur-

Zp

Suir(A) =

2=0

Q

in which z, is the position of the piston upper surface. In
the second step several proportionality factors have been
replaced by their average values over the measured volume
(indicated by overbars), which allows to take them out of
the integral. This model, therefore, provides a value for
the average NO density in the whole volume seen by the
detector (the probe volume).

Proportionality constant C: This factor is just a gauge
constant including a number of experimental parameters
like collection efficiency, window transmission, camera sen-
sitivity, etc. This factor is constant during the whole com-
bustion stroke.

Local laser intensity I1,(z) and Fluorescence attenu-
ation Ap(z): On its way through the combustion chamber
both the laser radiation and the induced fluorescence suf-
fer attenuation, due mainly to absorption by and scattering
off soot particles and fuel and oil droplets. The intensity
of the laser beam, with an intensity Iy when it enters the
combustion chamber, can be written as

z

I(z) = I exp(~ / a2 )pu()d2),

0

3)

CNPxofes D)o@, TN g 72) / I () Ap (2)d
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molecules have to be taken into account. For the case
of pulsed excitation in which the fluorescence out of the
excited state is recorded, the relation between the fluores-
cence signal measured by any given camera pixel, Spir,
and the local NO density, pno, can be written as

(1)

thermore, evaluation of these factors results in expressions
which depend on the in-cylinder conditions (volume, pres-
sure, temperature and laser intensity) of which particularly
the temperature is insufficiently known. The evaluation of
the individual factors of equation 1 is discussed below for
the case of laser illumination and fluorescence detection
both through the top window.

Ideally, each (square) CCD pixel collects fluores-
cence from a square rod parallel to the cylinder axis and
extending from the bottom of the top window downwards
(z-direction; z=0 at the top window). In practice, some
averaging will take place due to the finite depth of field of
the camera objective (f/4.5), as well as some image blurring
due to the slightly etched lower surface of the observation
window. Neglecting these effects for the present analy-
sis, and taking into account that the spectra in figure 3
represent averages over the slit height, equation 1 can be
rewritten as

o) / pxo(2) I (2) Ap(2) fus (D)9 (P, T, N g (v, v, 2)dz

Zp

z=0

in which « is an effective extinction cross section and py is
the density of the attenuating particles. A similar equation
holds for the fluorescence attenuation, Ag(z). In general,
both a and ps; will be a function of position z. The lo-
cal extinction coefficient is an inaccessible parameter, that
cannot be measured. An approximation can be made by
replacing «a(z)ps(z) by its average, ap,. In this approxi-
mation, and combining the equations for Iy, and Ag, the
integral in equation 2 can be written as

/IL(z)AF(z)dz ~ Io/exp(—2oz—psz')dz'
2=0 2=0
01y

= 7(1 —exp(=22/9)), (4)

in which a penetration depth § has been defined as § =
1/aps. Also, aps has been assumed to be the same at
the wavelengths of excitation (193 nm) and fluorescence
detection (216 nm in the case of figure 3).

A measure for the average extinction coefficient
over the whole cylinder can be obtained from transmission
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Figure 6: Transmission of the laser beam (solid line; A=193.377 nm) through the firing engine (based on 10% window transmission).
It is measured by coupling the laser beam in and out through the side windows and detecting the transmitted radiation behind the
outcoupling window. Also included is the penetration depth defined in equation 4 (dashed line).

measurements of the laser beam, employing the side win-
dows (figure 1; W1,2). These data, given in figure 6, show
a rise in transmission around 60° aTDC, which coincides
with the end of the visible combustion, suggesting that un-
burned fuel plays a part in the absorption of 193 nm laser
radiation. Apart from this, the expansion also reduces the
density of soot and other absorbing species, which causes
less attenuation of the laser radiation with increasing crank
angle. The penetration depth of the laser radiation, de-
fined in equation 4, is also included in figure 6. Evidently,
the setup is most sensitive for fluorescence signals originat-
ing in the uppermost part of the cylinder, even when the
piston has moved to BDC.

For the interpretation of the spectra of figure 3, we
have assumed the average extinction coefficient obtained
from the transmission measurements to be equal to the av-
erage extinction coefficient @p; of equation 4. It has, how-
ever, been checked that changing these values by as much
as a factor of 10 (both smaller and larger) has relatively
little influence on the shape of the NO density curves as a
function of crank angle (the absolute numbers do change,
of course, but these are arbitrary units anyway).
Boltzmann fraction f, j(T): The temperature depen-
dent fractional population of the probed state (v''=1,
J=26.5/32.5) can be calculated using the well established
spectroscopic data of the NO electronic ground state [21].
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For the average temperature T either the mean gas tem-
perature or the soot temperature has been used.
Stern-Vollmer factor p(P, T): The competition between
the radiative and non-radiative decay channels is described
by the Stern-Vollmer factor,

— A_Vlvll

A 11
p(P,T,\) =

N EAV'V” +Q = Q

!

(5)

The radiative decay rate, Ay, can be estimated from
the radiative lifetime of the D-state (r=18 ns [22]) and
the Frank-Condon factor for the used fluorescence tran-
sition D(v'=0) — X(v"=4) at 216 nm (0.076, calculated
using a model of Nicholls [23] and the spectroscopic data
of NO [21]). The non-radiative decay rate, Q, is caused
by intermolecular collisions including both EET (D — C
and D — A) and quenching (D — X). For the A state,
data on quenching are available in literature [24, 25], but
little is known for the D state. Separate measurements in
a high temperature, high pressure cell have shown that
D — A electronic energy transfer induced by collisions
with N is a very effective decay channel [26]. Since Na
is always the major species in the combustion chamber,
it is assumed for the moment that the non-radiative de-
cay rate of the D(v'=0) level in the engine is dominated
by Ny collision-induced EET to the A-state, so that the
detailed composition of the burning mixture is relatively



unimportant. (Note that No is an inefficient quencher of
the A(v'=0) level (see e.g. ref. [24]), but that EET plays no
role in the non-radiative decay of the lowest excited elec-
tronic state.) Therefore, Q can be written as Q = vp.o,

in which ¥ = |/8kT/mu is the mean relative velocity of
the collision partners at a total density p. (o< P/T) and o
is an effective quenching cross section, taken to be inde-
pendent of pressure and temperature. In the firing engine
Q > A [1, 26] and therefore p(P, T) o< VT/P.

Overlap integral g(v1,,v,): The overlap integral is calcu-
lated by assuming Gaussian profiles for both the laser emis-
sion (L(v — 11,)) and the NO absorption line (N (v — vy)),
with central frequencies vy, and v,, respectively. A shift in
the position of the lines is not taken into account because
the laser is tuned to resonance (v, = v,), under engine
conditions, before each measurement. This results in:

+o0
/ Llv—v,)Nv —v,)dv «

—0o0

9w, ) .
L’ = T S 5
* VAL A2

(6)

in which A, and A, are the widths (FWHM) of the laser

emission line and the NO absorption line, respectively. Ay,

is constant (1 cm~!) but A, is affected by the changing

pressure and temperature during the stroke. Calculation
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of A, requires information about the pressure broadening
of the NO absorption lines in the D(v/'=0) « X(v'=1)
band under engine conditions. These data are not avail-
able in literature. For the present purpose the functional
pressure and temperature dependence of the A < X band
is taken [27, 28], in combination with a proportionality fac-
tor that is derived from own measurements on the D + X
band in the engine, yielding

2 0.75
A, =0.53P (%) em ™, (7

with P the pressure in bar and T the average temperature
in Kelvin.

Following the procedure described above, relative
values for the average NO density within the probe volume
can be extracted from the fluorescence yield as a function
of crank angle. To the extent that the probe volume is
representative for the whole cylinder (which seems not un-
reasonable, in view of the illuminated area indicated in fig-
ure 1 and the penetration depth of figure 6), these density
data can be related to an in-cylinder NO content by mul-
tiplication with the (crank angle dependent) in-cylinder
volume,

(8)

Nno pN—OV(Zp) .



