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Abstract

This paper presents local experimental in-cylinder concentrations of nitric oxide, obtained by laser-induced
fluorescence measurements in a heavy-duty diesel engine. Quantitative concentration histories during the entire
combustion stroke are shown for a number of fuel injection timings. Using images from high-speed combustion
visualization experiments, the presence of the diffusion flame is related to the onset of NO formation within the
laser probe volume. Further attention is paid to the possible NO formation mechanisms. Oft-line characterization
of the fuel sprays by means of Schlieren imaging reveals that the initial (premixed) combustion is too fuel-rich for
thermal (Zeldovich) NO formation. Furthermore, the experimental NO concentrations are compared to numerical
calculations of the thermal NO formation during the mixing-controlled combustion phase. The agreement between
model and experiments suggests that the thermal mechanism is the major NO formation pathway. However, it
cannot be excluded that transport to the probe volume of early NO, formed under conditions where the thermal
mechanism is ineffective, might be of some importance as well.
© 2007 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction the combustion process (i.e., reducing NO, and PM
emissions without serious compromises in fuel con-
sumption and emissions of CO and unburnt hydro-

carbons) requires profound knowledge of all forma-

Despite their superior efficiency and resulting low
fuel consumption and CO; emissions, diesel engines

are notorious for their relatively levels of high emis-
sion of particulate matter (PM) and NOy. Optimizing
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tion processes involved. Diesel combustion models
need support from numerical and/or experimental
data. Whereas three-dimensional numerical simula-
tions of extremely complex processes such as diesel
combustion are computationally very expensive, the
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Fig. 1. Schematic representation of the engine setup: (a) top view, indicating the field of view of the high-speed camera and
the NO LIF probe position; (b) three-dimensional view of the measurement cylinder; (c) 23-us snapshot of the combusting fuel
sprays, as recorded by the high-speed camera at 6.3° aTDC (start of injection = 8° bTDC); (d) contour plot of the same image,
indicating the laser probe location (black dot). The 226-nm laser beam traverses the cylinder almost parallel to its axis. NO
fluorescence is detected by an imaging grating spectrograph (not shown) through the nearest side window.

challenge on the experimental side is to develop reli-
able measurement techniques.

Here, we focus on the formation of nitric oxide
(NO), presenting quantitative local in-cylinder NO
concentration histories as measured by laser-induced
fluorescence (LIF) in a DI diesel engine. Although
the LIF technique has often been applied for NO
measurements in diesel engines [1-7], the severe at-
tenuation of the laser beam and the induced fluores-
cence is not always properly addressed. Exceptions
are Stoffels et al. [4], who measured spatially resolved
laser beam transmission (although no correction was
made for the attenuation of the NO fluorescence), and
Hildenbrand et al. [7], who corrected for the absorp-
tion of NO fluorescence by CO, (but neglecting addi-
tional LIF attenuation caused by, e.g., soot, and lack-
ing a correction for laser beam attenuation). Recently
we investigated a number of attenuation correction
methods, the combination of which yields a complete
picture of all major attenuation processes involved in
NO LIF measurements in a diesel engine [8]. This de-
tailed correction strategy has allowed for the first time
a quantitative measurement of the NO concentration
in a heavy-duty diesel engine [9].

In this paper, we present in-cylinder NO concen-
tration histories for a number of fuel injection tim-
ings. Although the effect of injection timing on the
exhaust NO concentration is well known, quantitative
in-cylinder measurements are scarce. In order to in-
terpret our data within the framework of current ideas
on diesel spray combustion [10-12], a further charac-
terization of the combustion process is indispensable.
In a joint effort of research groups in Nijmegen and

Eindhoven, the NO LIF data are complemented by
additional experiments including high-speed combus-
tion visualization (in the same research engine) and
Schlieren imaging of the fuel injection (in a high-
pressure cell) and by NO chemistry modeling.

2. Experiment
2.1. The engine

The research engine is a six-cylinder, heavy-duty
diesel truck engine. One of its cylinders (hereafter
referred to as “measurement cylinder”) is optically ac-
cessible via fused silica windows in the piston (“pis-
ton window”), in the cylinder wall (“side windows”),
and in the cylinder head (“top window”). A slot ma-
chined into the piston crown prevents blocking of the
detection side window around top dead center (TDC).
The measurement cylinder is depicted schematically
in Fig. 1, and its most relevant specifications are com-
piled in Table 1. For measurements of the cylinder
pressure, the top window can be replaced by a pres-
sure transducer (AVL QHC32). An eight-hole fuel in-
jector is mounted centrally and can be rotated for easy
alignment of the fuel spray with respect to the laser
beam probe volume. Fuel injection into the measure-
ment cylinder is provided by a home-built common-
rail system. The start and end of the injection can
be set independently via the electronically actuated
injector, each injection yielding 60 mg at 1200 bar.
Fig. 2 shows the rail pressure during an injection
event. During the injection, the pressure varies by
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Table 1

Specifications and global operating conditions of the measurement cylinder

Engine type

Bore, stroke
Displacement
Compression ratio
Piston bowl shape
& piston bowl
Swirl number

< injector, # holes
Fuel injected, inj. pressure
Boost pressure
Engine speed

Six-cylinder four-stroke DI diesel engine
130 mm, 146 mm

1.939 L (per cylinder)

15 (unmodified: 16)

“Bathtub” (flat piston window)

84 mm

1.8

0.128 mm, 8

60 mg of low-sulfur diesel, 1200 bar
1.4 bar (abs.; no EGR)

1430 rpm

trigger start of
(current) 1 I' injection
1300
1250
1200
1150

1100

rail pressure (bar)

1050

end of

f injection

10 20 30
crank angle (° aTDC)

Fig. 2. Typical injection pressure trace for the engine experiments. For the data shown here, the injector is actuated at 8° bTDC,
as is indicated by the arrow. The actual start and end of injection are indicated as well.

~12%. The electronics also allows a double (split)
fuel injection (see Appendix A). The oil-free mea-
surement cylinder is skip-fired (1:35) to avoid over-
heating; three unmodified cylinders are continuously
fueled (by the original line pump) to maintain engine
speed.

Measurements were conducted with a rail pressure
of 1200 bar and at four different fuel injection tim-
ings, actuating the fuel injector at 18°, 13°, 8°, and
3° bTDC (bTDC = before TDC). The effective start
of injection (Sol.¢r) was determined from high-speed
imaging (see Section 2.2) and occurs about 3° later;
see Table 2 for details. Unless explicitly stated oth-
erwise, Sol means the nominal start of injection (i.e.
actuation of the injection system). The start of com-
bustion was retrieved from the cylinder pressure trace
and the derived rate of heat release [13], shown in
Fig. 3.

2.2. High-speed combustion visualization

The combustion process was recorded through the
piston window by a high-speed camera (Phantom
V7.1, 160 kHz maximum frame rate); see Fig. 1.
To visualize the fuel sprays prior to combustion,

Table 2

Operating points of the measurement cylinder?

Sol (nominal) —18.0° —13.0° —8.0° -3.0°
Solegr (effective) —14.8° —-9.3° —4.5° 0.3°
Eol 0.6° 6.0° 11.1° 15.8°
SoC —8.9° —5.5° 0.4° 4.2°
Inj. duration 15.3° 15.3° 15.6° 15.5°
Ignition delay 5.9° 3.8° 4.1° 3.9°
gIMEP (kPa) 502+6 509+4 496+11 498+1
[NOlexhaust 560+ 112 402 +£80 272+55 190+ 38

(ppm)

4 All crank angles in © aTDC (aTDC = after TDC; Sol =
start of injection; Eol = end of injection; SoC = start of
combustion).

a continuous-wave argon ion laser beam (Spectra
Physics, Stabilite 2016) of circa S W (operating pri-
marily at 488 and 517 nm) was directed toward a
16-mm-diameter metal sphere located below the pis-
ton window, resulting in a highly divergent reflection
illuminating almost the entire combustion chamber.
To avoid overexposure of the camera and to suppress
the combustion light, a filter combination (BG 18 and
GG 475 Schott filters) was used, transmitting roughly
between 460 and 640 nm. The camera was synchro-
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Fig. 3. Cylinder pressure (top), rate of heat release (middle), and average gas temperature (bottom) for the four injection timings.

The nominal start of injection is indicated for each curve.
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Fig. 4. The Schlieren imaging setup including the Eindhoven high-pressure, high-temperature cell (EHPC).

nized to the crankshaft of the engine and recorded at
one image every 0.3° CA (~35 ps), with an exposure
time of 23 s, and a resolution of 275 um per pixel.

2.3. Fuel spray imaging

The laser elastic scattering measurements merely
visualize the liquid phase of the spray (including
droplets). Additional off-line experiments involving
Schlieren imaging were carried out to image the
fuel vapor as well. The Schlieren technique is par-

ticularly sensitive to variations in the index of re-
fraction, and hence to density gradients, which al-
lows a better characterization of the spray geometry.
These measurements were performed in the Eind-
hoven high-pressure, high-temperature cell (EHPC)
using the same injector type and rail pressure as in
the engine experiments. A schematic representation
of the Schlieren setup is shown in Fig. 4.

Vaporizing conditions (30.9 bar and 770 K) were
realized by igniting a combustable mixture 2500 ms
prior to the fuel injection. After this precombustion,
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an inert hot gas mixture (N, CO,, and H>O) with
a density of 14 kg/m3 remains. In addition, mul-
tiple series of injection events were visualized in a
colder (473 K) inert ambient gas. Various ambient
densities (15-25 kg/m3) were studied, covering the
range found in the engine tests. These tests further-
more showed that the sprays from different nozzle
holes were very similar, as was also confirmed by
the high-speed visualization experiments on the test
engine. Further details of the EHPC can be found in
Refs. [14,15].

For these measurements the same Phantom cam-
era was used, operating at 60.7 kHz, with an exposure
time of 2 ps, and a resolution of 430 um per pixel.

2.4. NO LIF measurements

The laser beam for NO excitation traverses the
combustion chamber (almost) vertically, 30 mm away
from the injector, and rotated over 26° in the swirl di-
rection with respect to a fuel spray. The trajectory of
the laser beam is shown in Fig. 1. The height of the
probe volume is limited to the uppermost 23 mm of
the combustion chamber by the size of the detection
window.

NO LIF is induced by laser radiation at 226.03 nm,
resonant with the coinciding AZX (v = 0) <«
X2 (" =0) P;(23.5), Q] + P»;(14.5), and Q5 +
R12(20.5) transitions. This excitation wavelength was
suggested by diRosa et al. [17] for high sensitivity and
minimal O, LIF interference even at elevated pres-
sures. Laser radiation (pulses of 5-8 mJ) is produced
by a frequency-mixed dye laser (Radiant Narrowscan
D) pumped by a Nd:YAG laser (Continuum Power-
lite Precision II 8010). Four vibronic fluorescence
bands (at 237, 248, 259, and 270 nm, corresponding to
the A — X (0, 1)—(0, 4) transitions, respectively) are
detected through the nearest side window by an in-
tensified CCD camera (Roper Scientific, [ICCD 512T,
5122 pixels, 16 bits) mounted behind a spectrograph
(ARC SpectraPro 500i, 600 lines/mm grating). The
entrance slit of the spectrograph is parallel to the laser
beam direction, and opened to encompass the entire
laser beam width for maximum intensity. Two typical
raw NO LIF images are shown in Fig. 5.

Attenuation effects are minimized (but not negli-
gible; see Ref. [16]) by keeping the in-cylinder path
lengths of laser beam and fluorescence as short as pos-
sible (0-23 and 37 mm, respectively).

2.5. NO LIF data processing
In the current analysis, the total NO LIF intensity

per vibronic emission band is determined by sum-
ming all relevant pixel intensities (areas indicated by

(min____ max

23 mm

(0.1) (0.2) (0.3) (0.4)
237 nm 248 nm 259 nm 270 nm

Fig. 5. Two single-shot NO LIF images (raw data) recorded
through the side window by the spectrograph-camera sys-
tem, at 8° aTDC (a) and 130° aTDC (b). The intensity scales
are adjusted individually to show maximum contrast in each
image. Start of injection: 8° bTDC.

dashed lines in Fig. 5b). Consequently, the data repre-
sent the average NO density within the probe volume
(& 4 mm, height 23 mm). Quantification of the LIF
signal requires extensive postprocessing [8,9], which
we describe here only briefly. The importance of tak-
ing due care of all factors that affect the experimen-
tally obtained signals may be appreciated by realizing
that the total conversion factor, from NO LIF data to
NO mole fractions, varies by about three orders of
magnitude over an engine cycle [9].

2.5.1. Attenuation corrections

We have measured in-cylinder attenuation coef-
ficients by means of (1) bidirectional LIF and (2)
absorption spectroscopy of CO, and O,. With bidi-
rectional LIF, vertical NO LIF intensity profiles are
measured for two opposite directions of the excita-
tion laser beam; the spatially resolved laser beam
transmission is calculated from the ratio of these pro-
files [18-21]. For a single-shot approach, the two
counterpropagating laser pulses should be fired quasi-
simultaneously. Here, all pulses are fired during dif-
ferent cycles, and thus we obtain averaged transmis-
sion data.

The attenuation of the NO fluorescence caused by
absorption by CO, and O can be obtained by com-
paring each measured NO LIF spectrum to a reference
NO LIF spectrum (i.e., without absorption). The ratio
of these spectra yields a relative transmission spec-
trum of the NO fluorescence on its way to the detector.
Absolute transmission values are obtained by fitting
this transmission spectrum, using parameterized CO;
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[22] and O, [23] absorption cross sections. Due to the
strong temperature dependence of the CO; and O
absorption cross sections, each fit also yields an esti-
mate for the local temperature1 [24]. The additional
attenuation of the NO fluorescence by, e.g., soot is
estimated by comparing the calculated CO, and O
absorption (at 226 nm) to the (total) laser beam ex-
tinction as measured with bidirectional LIF.

We refer to Refs. [8,9] for a more complete de-
scription of these techniques and methodology. The
above-mentioned technique has the advantage that it
is performed simultaneously with the actual NO LIF
measurements. Consequently, all measurements were
carried out under identical conditions. Transmission
curves for the laser beam and the fluorescence are pre-
sented in Ref. [16]. We apply phase-averaged correc-
tion factors to single-shot NO LIF data. The resulting
NO concentrations are subsequently phase-averaged
over 20 engine cycles in order to obtain statistics on
cycle-to-cycle fluctuations. Error bars in the NO mole
fractions presented below include both these cycle-to-
cycle fluctuations and the uncertainties in the correc-
tion factors.

2.5.2. Pressure and temperature dependence

We have used LIFSim [25] to calculate the pres-
sure and temperature dependence of the NO LIF in-
tensity. Although the gas composition may have a
large influence on the quenching rates and thus on the
absolute LIF intensity, here we are only interested in
the relative changes of the LIF signal (absolute val-
ues are obtained by calibration, see next paragraph).
We have demonstrated previously that the exact gas
composition is of minor importance [9], and all LIF-
Sim calculations were performed for constant ([O5]:
[Np] = 1:4) composition of the in-cylinder gases. Fur-
ther input parameters were the cylinder pressure and
the local temperature. The latter was estimated from
the observed CO, and O, absorption spectra (previ-
ous paragraph).

2.5.3. Calibration

After correcting the NO LIF data for attenuation
effects and the pressure and temperature dependence
of the fluorescence yield, the processed data are multi-
plied by a calibration factor that scales the in-cylinder
concentration at the end of the stroke (the exhaust
valve opens at 130° aTDC) to the exhaust NO con-
centration. The latter is determined by a commercial
exhaust gas analyser (SIGNAL Instruments, NOX an-
alyzer series 4000), sampling the exhaust of only the

1 In fact, the fitted temperature is a weighted average of the
temperature profile along the trajectory of the NO fluores-
cence. This effective temperature is expected to be strongly
biased to the probe volume temperature [9].

diffusion flame front
(at 1° intervals)

laser beam

Fig. 6. Schematic representation of the combustion zones
(numbered 1-4). The flame front is represented by solid
lines; dashed lines indicate the spray axes; the position of
the NO excitation laser beam is indicated by the black dot.

measurement cylinder. Its reading is scaled by the
skip-fire ratio and an additional factor accounting for
the fact that the sampling occurs nonisokinetically
(see Appendix B). We assume homogeneous phase-
averaged NO distributions at 130° aTDC.

2.6. NO formation calculations

The thermal NO formation has been calculated us-
ing the extended Zeldovich mechanism. For the cal-
culations, the combustion event is divided into steps
of 1° CA, during which a certain amount of fuel is
burnt. This divides the flame spatially into zones [26,
27]. Each zone starts in the volume traversed by the
flame front during the corresponding step of 1°. Sub-
sequently, the zone moves outward as new zones are
formed at the flame front during the following crank
angle steps. This is shown schematically in Fig. 6.
The calculations are based on the assumption that
no mixing occurs between different zones; entrain-
ment of fresh air into a zone, however, is modeled
based on our spray visualization data that are used
as input for the spray model by Naber and Siebers
[10]. A chemical equilibrium solver (without N chem-
istry) [28] is used to calculate the composition of the
combustion products and the corresponding adiabatic
flame temperature. The latter is then used to calculate
the thermally formed (Zeldovich) NO per zone. These
calculations are detailed below.

The amount of fuel burnt in each zone (i.e. dur-
ing 1°) is determined from the rate of heat release
(Fig. 3). Only the mixing-controlled part of the com-
bustion is considered (the premixed combustion is too
fuel-rich for significant thermal NO formation, as will
be discussed in Section 3.2). It is assumed that the
combustion in each zone starts under stoichiometric
conditions, which is a reasonable assumption for the
diffusion flame. For each zone, the initial composition
is now known. Its temperature is taken equal to the un-
burnt mixture temperature (derived from the pressure
curve of the motored engine, without fuel injection),
and is used as an input to a chemical equilibrium
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Fig. 7. Single frame from a high-speed Schlieren movie of a single fuel injection into the EHPC, at 770 K and 30.9 bar. The

white contour guides the eye.

solver to determine the composition of the combus-
tion products and the corresponding adiabatic flame
temperature. Species considered are O, Ny, CO,,
H»O, CO, Hp, OH, O, N, and H. In all zones, the
pressure is equal to the measured in-cylinder pressure
(Fig. 3).

With the adiabatic flame temperature and the O,
0,, N, OH, and H concentrations the NO formation
rate is calculated by means of the extended Zeldovich
mechanism. The main equations are

dIN] _

N <o, )
d[NO

% = 21 ,[0][N3] — 2k; /[NOJIN]. o)

The reaction rate constants k are taken from GRI 2.11
[29]. The zone temperature is initially equal to the
adiabatic flame temperature, but it quickly decreases
due to mixing with colder unburnt air and due to ex-
pansion of the cylinder volume. The resulting shift in
the chemical equilibrium, influencing the NO forma-
tion rate, is included in the calculations. The computa-
tion of NO formation is stopped when the temperature
of the zone drops below 1700 K, which is often used
as a cutoff temperature for thermal NO formation.

3. Results and discussion
3.1. Engine characteristics

Table 2 summarizes the operating points that were
used in this study. The effective start and end of in-
jection were determined from the combustion movies
measured in the engine. The start of combustion has
been derived from the heat release curves in Fig. 3.
The exhaust NO concentration levels are indicated as
well.

3.2. Fuel spray characterization

Time-resolved (vapor) spray penetration was mea-
sured in the EHPC by means of high-speed Schlieren

imaging. A typical frame taken from the high-speed
movie is shown in Fig. 7. The strong background den-
sity fluctuations are a consequence of the precombus-
tion. They move much more slowly than the fuel jet,
and in the analysis they are dealt with by interpolat-
ing the spray edge across each “dark spot,” in order
to obtain a reliable measure for the spray angle and
penetration depth. Based on these results, the aver-
age spray full angle was evaluated as Ospray = 18°.
Following the approach by Naber and Siebers, for a
given spray angle, the measured penetration length
can be correlated with the average equivalence ratio
(mass-averaged value across the spray cross-sectional
area) at the spray tip [10]. For a quasi-steady spray
this penetration curve also corresponds to the depen-
dence of this average equivalence ratio on the distance
to the injector. Both the spray penetration and the cor-
responding equivalence ratio are shown in Fig. 8 for
the four injection timings we investigated. For each
curve the start of combustion is indicated as well, re-
vealing that on average the jet is rather fuel-rich when
the mixture ignites: @ &~ 1.5 for all curves except the
one for 18° bTDC when @ ~ 1.2.

The relatively high equivalence ratios at the start
of combustion suggest that the initial, premixed com-
bustion is too fuel-rich for significant thermal NO
formation to take place, as the latter requires near-
stoichiometric equivalence ratios (0.8 < @ < 1.0)
[30]. Prompt NO formation, however, may occur in
rich zones with equivalence ratios up to @ =~ 1.8 and
may play some role in the observed NO concentra-
tions.

Fig. 8 also indicates that the combustion starts
with the spray tip close to the piston bowl rim. For
the injection at 18° bTDC, the jet has just reached the
bowl rim when ignition occurs, whereas for the other
injection timings, the spray tip is still 6-7 mm away
from the rim. This is in agreement with the high-speed
combustion movies showing the first combustion lu-
minosity (i.e., soot incandescence) at the edges of the
piston window.
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Fig. 8. Relation between spray penetration and crank angle, and equivalence ratio as a function spray tip location. The start of
injection is indicated in each penetration curve, as well as the piston bowl diameter.

3.3. NO LIF measurements

The in-cylinder NO concentrations are shown in
Fig. 9 as a function of crank angle and injection
timing. The data points are phase-averaged over 20
cycles, and the error bars include both the process-
ing uncertainties and cycle-to-cycle fluctuations. Sim-
ilarly to the exhaust concentration, the in-cylinder
NO concentration increases almost linearly when the
fuel injection is advanced. All NO curves have very
similar shapes, varying only in the moment of first
NO and in amplitude. The peak concentrations range
from 1500 ppm (Sol = 3° bTDC) to values just over
5000 ppm (Sol = 18° bTDC). Typically, the peak
concentration is approximately nine times higher than
the asymptotic value reached by 130° aTDC.

Generally, the first significant NO LIF appears
~5° after the start of combustion. Given the facts
that (1) the initial, premixed combustion takes place
within the fuel spray boundaries [11] and that (2)
the laser beam is 14 mm away from the spray axis,
the probe location may be too far away to detect
any (prompt) NO formed during the initial premixed
combustion, unless this prompt NO is convected to-
wards the probe location. Such transport cannot be
excluded; with a swirl ratio of 1.8 this would require
5°-7°, which is only slightly longer than the observed
delay of 5°. Nevertheless, in the latter case a consid-
erable dilution of the transported NO would be ex-
pected.

On the other hand, the high-speed combustion
movies show that the moment when the first NO is
detected coincides within 0.5° CA with the moment
when luminous soot? is first observed at the probe

2 According to Dec’s conceptual model, the luminous soot
is representative of the diffusion flame [11].

6000 T 3 : . | @ experiment
: >- ) 18° bTDC —— calculated (first zone)
5000 : it ! start of combustion
: diff. flame reaches
4000 - : probe volume
3000 1
i
2000 + 1
HE
1000 + ||
i L] Ll *
0
L u 13° bTDC
4000 £ |
|
5 3000 { |
a2 |
é 2000 :
E 1000 { |
' i . . .
2 o |
o
2 8°bTDC
. . .

-20 0 20 40 60 80 100 120 140
crank angle (° aTDC)

Fig. 9. Local NO mole fractions (phase-averaged over 20
cycles) as a function crank angle and injection timing. The
error bars contain cyclic variations (10-30%) as well as the
uncertainties in all processing steps (attenuation correction
and p, T dependence). The solid curves are explained in
Section 3.4.

location. This is shown in Fig. 10. The first appear-
ance of the diffusion flame in the probe volume is
also indicated in Fig. 9. This implies that the observed
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Fig. 10. The moment of first detected NO vs the moment of first soot luminosity in the probe volume. The straight line assumes
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Fig. 11. Local temperatures, based on CO; and O, absorption spectra. The spatially averaged gas temperature (derived from the

pressure curve) is shown for comparison.

NO is (primarily) due to the thermal NO formation
mechanism; the arrival of the diffusion flame at the
probe location quickly raises the local temperature
above the threshold for thermal NO formation (1700—
1800 K), leading to a sudden increase of the NO con-
centration, in agreement with the NO LIF results. The
sudden temperature increase is confirmed by experi-
mental temperature values derived from CO, absorp-
tion spectra, shown in Fig. 11. Note that the measured
peak temperatures do not vary significantly with Sol,
in contrast to the peak NO concentrations of Fig. 9.

From 40° aTDC onwards, all NO concentration
curves decay at the same rate. This is illustrated in
Fig. 12, where all curves are normalized at 130°
aTDC. By 40° aTDC the combustion has ceased for
all four injection timings. Moreover, the local temper-
ature has dropped below 1800 K, and no significant
NO formation is to be expected. As a consequence,
the concentration decay is attributed to mixing of the
combustion products with unburnt gases until a stable
value is reached. This process is identical for all four
experimental conditions.
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Fig. 12. Normalized NO mole fractions during the combustion stroke, based on the data in Fig. 9.

goo | ©-
600
400 |

200 |

exhaust NO concentration (ppm)

-0O--calculated
—e— experiment

Sol (° aTDC)

Fig. 13. Calculated and experimental exhaust NO concentration vs Sol.

3.4. Calculated NO formation

Fig. 13 demonstrates that the NO formation calcu-
lations are in reasonable agreement with the exhaust
concentration measurements. Fig. 14 shows the cal-
culated NO molar fraction in all product zones as
a function of crank angle. The first zone is formed
when the premixed burn spike of the heat release rate
has its maximum, which is a crude estimate of the
onset of the diffusion flame (according to the com-
bustion movies, the luminous diffusion flame appears
even 1°-2° CA earlier). Every following 1.0°, a new
product zone is formed. The observed decrease in the
NO concentration per zone is caused by (1) a shifting
of the H-C-O equilibrium as a result of the varying
temperature and leading to destruction of some of the
earlier formed NO and (2) by diluting the zone with
newly entrained fresh air.

For all four data sets, the start of the first zone
is very close to the moment the diffusion flame ap-
pears in the laser probe volume. For instance, for the
Sol = 18° bTDC measurements, the first zone starts
at 3.5° bTDC, as compared to 3.9° bTDC for the ap-
pearance of the flame; for the Sol = 8° bTDC series
these values are both 4.5° aTDC. Therefore, in line

with the earlier observations (Section 3.3), the first
zones are considered representative for the initial part
of the experimental concentration curve. In reality, of
course, the probe volume will see a mixture of such
zones.

For Sol = 18° bTDC, a peak concentration around
3600 ppm is calculated, in reasonable agreement with
the experimental 5100 £ 1700 ppm. The agreement
between experiment and calculation is of similar qual-
ity for the other injection timings. Here it should be
noted that the model does not contain any adjustable
parameters, but just calculates the expected amount of
NO on the basis of the measured rate of heat release
and spray characteristics. The calculated NO concen-
tration of the first zone is also shown in Fig. 9 for
easy comparison of the peak values. The difference
in the decay rate between experimental and numer-
ical concentration histories might be related to the
fact that the zones move past the probe volume, so
that the first zone is only representative for the ini-
tial part of the measured concentration history. An-
other explanation might be the air entrainment model:
the model by Naber and Siebers is only applica-
ble to a quasi-steady spray and will only be an ap-
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Fig. 14. NO concentration in each product zone vs crank angle.

proximation of the mixing processes in the diffusion
flame.

The calculations show that once the diffusion
flame has arrived at the probe volume, local ther-
mal NO formation is fast enough to account for a
significant fraction of the observed NO. Since the
observed NO concentrations are nevertheless system-
atically higher than the calculated ones, it cannot be
excluded that transport of earlier formed NO (not
modeled) might play a role as well.

4. Summary and conclusions

We have presented local in-cylinder NO concen-
tration histories, both measured and calculated, for
various injection timings in a diesel engine. Based
on a combination of these data with additional ex-
periments, such as high-speed visualization of the
combustion and Schlieren imaging of the fuel spray,
we feel it justified to draw the following conclu-
sions.

The well-known trend of increasing exhaust NO
emissions with advancing injection timing is also re-

flected in the in-cylinder concentration histories. In
fact, all concentration histories are quite similar, vary-
ing only in onset and peak amplitude. In each case,
the maximum concentration in the probe volume is
around nine times the concentration reached by the
end of the stroke. Apparently, only a small part of the
combustion chamber is responsible for the bulk of the
NO that is produced. This is of course in line with
the engine operating at low load during the experi-
ments, resulting in a low overall equivalence ratio.

The same NO vs Sol trend is observed in our
numerical data. The agreement between experiment
and calculation is qualitatively good. This suggests
that the observed NO is caused by local thermal NO
formation rather than transport. However, the exper-
imental values are systematically somewhat higher
than the calculated ones. Therefore, it cannot be ex-
cluded that NO formed during the premixed combus-
tion is transported towards the probe location. The
time needed for this transport is very close to the ob-
served delay between the start of combustion and the
first NO LIF appearance, suggesting that the prompt
and/or N> O mechanisms may indeed contribute to the
observed local NO concentrations.



344 K. Verbiezen et al. / Combustion and Flame 151 (2007) 333-346

350
300 |
250 §
200
150 |
100 £
50 +
0+

heat release rate (J/°)

— single (18° bTDC)
--split (18° and 8° bTDC)

crank angle (° aTDC)

Fig. 15. Rate of heat release for a single (Sol = 18° bTDC) and a split fuel injection (Sol; = 18° bTDC, Sol, = 8° bTDC).

Our present experimental data do not allow an ac-
curate investigation of the prompt NO mechanism.
The data in Fig. 8 show that the initial combustion
is too fuel-rich for significant thermal NO formation.
Therefore, further in-cylinder NO LIF experiments,
moving the probe volume toward the premixed burn
region and combined with more accurate local tem-
perature measurements (e.g., by vibrational thermom-
etry [31]), would be elucidating. Thus far, measure-
ments with the laser beam directed through a fuel
spray suffered from severe window fouling, and the
current probe location was preferred for further exper-
iments. Previous “through spray” NO LIF measure-
ments in the same research engine, [9] but with the
original cam-driven fuel injection, showed significant
NO fluorescence during the premixed burn phase, at
temperatures too low for thermal NO formation.

All concentration curves decay at the same rate
from 40° aTDC onwards. This is attributed to trans-
port/mixing, since by that time the combustion has
finished and local temperatures are too low for signif-
icant thermal NO formation. This is also confirmed
by the calculations, that show a constant NO mass af-
ter 40° aTDC. Considering the large impact of trans-
port on the local NO concentration, a more detailed
comparison of experimental and numerical data will
only be possible either by (1) by extending the fluid
dynamics of the numerical simulations, or (2) by two-
dimensional LIF imaging of a larger fraction of the
combustion chamber, measuring the total NO density
[3]. The latter would require two-dimensional attenu-
ation corrections as well as a local temperature map,
two issues that will bring new experimental chal-
lenges.
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Appendix A. Split fuel injection

In addition to the four injection strategies, the ef-
fect of split fuel injection was investigated as well.
For the latter, 30 mg of fuel was injected twice, at 18°
bTDC and at 8° bTDC, leaving ~5° between the two
injections.

Fig. 15 shows that the maximum rate of heat re-
lease is significantly reduced by the split injection.
Due to the increased entrainment of fresh air, and due
to cooling by the late second injection, the combus-
tion temperatures are lower, and as a result the ther-
mal NO formation is reduced. This was also observed
experimentally, the exhaust NO concentration being
reduced from 560 ppm (single injection at 18° bTDC)
to 412 + 80 ppm. The in-cylinder concentrations are
shown in Fig. 16. The concentration history for the
single injection at 18° bTDC is shown for compari-
son.

Interestingly, the peak concentration is only ~5
times higher than the final concentration, as opposed
to the factor of 9 for the single injections. This is
most likely a consequence of the improved air entrain-
ment (during combustion), lowering the peak tem-
peratures and diluting the combustion products. Af-
ter 40° aTDC, when the combustion has ended, the
concentration history follows the same decay as the
histories for the single injections.

Appendix B. Exhaust calibration in skip-fired
operation

The time response of the exhaust gas analyzer,
used for calibration of the in-cylinder NO measure-
ments, is insufficient to resolve the NO concentration
levels of every individual engine cycle. Thus, only
averages can be obtained. By skip-firing the measure-
ment cylinder (at a ratio of 1:35), the exhaust gas
of a fired cycle is strongly diluted, with the com-
pressed air resulting from adjacent motored cycles.
If the exhaust gas were measured isokinetically (i.e.,
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equal sampling speed for all cycles), the NO concen-
tration from a fired cycle would simply be 35 times
as high as the average concentration. In practice, it
was observed that the hot exhaust from fired cycles
is sampled more easily, thus biasing the average con-
centration. This is demonstrated in Fig. 17, showing
a sublinear dependence of the analyzer reading as a
function of fired cycles per 35. The fit is given by the
equation

[NOlmeas(nf) = M,

Sy (B.1)

with [NOJmeas the measured NO concentration,
[NOJactual the actual NO concentration from a fired
cycle, ny and ny, the number of fired and motored
cycles, respectively, and & the “bias” towards a fired
cycle. The best fit is obtained with & ~ 2, indicating
that a skip-fired exhaust measurement overestimates
the NO concentration from a fired cycle by approxi-
mately a factor of two. Obviously, for ny = 35 (and
nm = 0), one would directly measure the NO con-
centration of a fired cycle. In general, the higher ny,
the more accurate the value of &. In practice, ny is re-

stricted to low values in order to prevent damage to
the nonlubricated measurement cylinder.
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