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Abstract

The transient and quasi-steady flame structure of reacting fuel sprays produced by single-hole injectors has been stud-
ied using chemiluminescence imaging and Planar Laser-Induced Fluorescence (PLIF) in various constant-volume fa-
cilities at different research institutes participating in the Engine Combustion Network (ECN). The evolution of the
high-temperature flame has been followed based on chemiluminescence imaging of the excited-state hydroxyl radical
(OH*), and PLIF of ground-state OH. Regions associated with low-temperature chemical reactions are visualized using
formaldehyde (CH20) PLIF with 355-nm excitation. We compare the results obtained by different research institutes
under nominally identical experimental conditions and fuel injectors. In spite of design differences among the various
experimental facilities, the results are consistent. This lends confidence to studies of transient behavior and parameter
variations performed by individual research groups. We present results of the transient flame structures at Spray A
reference conditions, and include parametric variations around this baseline, involving ambient temperature, oxygen
concentration and injection pressure. Key results are the observed influence of an entrainment wave on the transient
flame behavior, model-substantiated explanations for the high-intensity OH* lobes at the lift-off length and differences
with OH PLIF, and a general analogy of the flame structures with a spray cone along which the flame tends to locate
for the applied parametric variations.

Keywords: Engine Combustion Network (ECN), Constant-volume vessel, Laser-induced fluorescence,
Chemiluminescence, Flame structures, Spray A

1. Introduction experimental and computational contributions supporting
each other, as well as the need to pay due attention to
experimental boundary conditions, so as to obtain consis-
tency of experimental results [1]. To allow a direct com-
parison between experimental results obtained in different

setups, guidelines for operation of the facilities as well as

In order to achieve a concurrent reduction of fuel con-
sumption and emission formation in compression ignition
engines, a concerted optimization of engine, fuel and com-
bustion concept will be essential. For such an optimiza-

tion, a detailed understanding of the reacting fuel spray
under high-pressure and high-temperature conditions is
indispensable. Key to this understanding, is the effect of
boundary conditions on the mixing of fuel and air, evap-
oration, and combustion processes in compression igni-
tion engines. Alongside with the understanding of rele-
vant processes, the development of future engines is to an
increasing extent based on computational models, which
require reliable and reproducible experimental results of
well-defined test cases, to verify the sensitivities and as-
sumptions of these models.

The Engine Combustion Network (ECN) is an inter-
national collaboration in the field of engine combustion
research, which has acknowledged both the necessity of
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diagnostic techniques and post-processing standards have
been established. Several combustion vessels in research
institutes around the world have proven to be capable of
reaching the predefined reference conditions, using nomi-
nally identical injectors, but with different auxiliary equip-
ment. The validation of these conditions is based on pres-
sure and temperature measurements, as well as charac-
teristic parameters of sprays, such as the liquid length,
vapor penetration, and Flame Lift-Off Length (FLOL) [2—-
4]. Such validation will lend credit to subsequent studies
of parametric variations by individual contributing insti-
tutes, allowing an efficient expansion of the online data
archive of the ECN. In the sequence of collaborative ECN
publications, the first publication has illustrated the chal-
lenges involved when trying to match boundary condi-
tions of different experimental facilities, despite reasonable
agreement in spray penetration, ignition and combustion
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[2]. Subsequently, the characterization of boundary condi-
tions is evaluated in detail for more experimental facilities,
and the sensitivity of variations is quantified [3]. Overcom-
ing variability between facilities has revealed the need to
align procedures in diagnostic techniques as well as pro-
cessing methods to obtain good agreement in comparisons
of spray development, vaporization and combustion [4].
In an additional collaborative publication, differences in
nozzle geometry and hydraulic behavior are revealed, giv-
ing rise to related parameters downstream of the injector
orifice [5]. More recently, soot formation was studied ex-
tensively, including both experimental and numerical com-
parisons [6]. The detailed and structured approach of the
ECN has also given rise to several publications on numer-
ical combustion modeling [7-11].

This paper discusses characteristic structures that are
found in the vicinity of a reacting spray flame. Following
the evaporation of liquid fuel under engine-like conditions,
low-temperature reactions initiate the fuel decomposition
into smaller hydrocarbons, which are subsequently con-
sumed in the high-temperature reactions. Spectroscopic
techniques are well-known and extensively employed to
characterize reacting sprays relevant for internal combus-
tion engines. Over the past decades, this has resulted in
a basic understanding of the main processes which gov-
ern combustion, and allows identification of species related
to low- and high-temperature reactions in a reacting fuel
spray, such as CH,0O and OH, respectively [12-18]. In this
work, Spray A results are presented, which have been ob-
tained using various optical diagnostic techniques at IF-
PEn, Sandia and TU/e. The purpose of these measure-
ments is a robust characterization of flame structures by
the reproducibility of results between different contribut-
ing institutes, and the study of qualitative effects by vari-
ation in single parameters for a reacting fuel spray. Tran-
sient spray behavior is studied in more detail using high-
speed cameras for chemiluminescence imaging and various
timings for PLIF measurements, which allows an analysis
of processes before and after the quasi-steady period of
a lifted spray flame. Using yet available spray parameters
from the ECN, regions with different reaction products are
interpreted. We study the early development of the spa-
tial distribution of chemical species characteristic for the
transient initial phase. With this information, the Spray
A characterization is expanded by means of parametric
variations, identifying a general spray cone to describe the
radial location of the flame.

2. Experimental setups and conditions

2.1. Constant-volume combustion vessels

The constant-volume vessels of IFPEn, Sandia and TU /e

use a so-called pre-burn approach to achieve the desired
thermodynamic conditions, as originally proposed by Oren
[19]. The pre-burn approach is based on burning a lean
charge in a constant volume to create a high-pressure and

high-temperature ambient. After spark-ignition of the pre-
burn mixture, the temperature and pressure in the ves-
sel rapidly increase. At some time during the relatively
long cool-down period, governed by heat loss to the ves-
sel walls, the desired conditions will be met and fuel is
injected. Differences and similarities between the combus-
tion vessels which are used for contributing to the ECN
have been described in detail in previous work [2-5, 20].
In these studies, the operation of the combustion vessels
has been discussed, followed by characterization of the am-
bient condition and injectors. Subsequently, these studies
describe the liquid and spray penetration and combustion
phenomena, defining characteristic time and length scales
such as the ignition delay, liquid length, FLOL and flame
length. Ongoing research concerns parametric variations
of the baseline condition, and more detailed studies related
to the (reacting) fuel spray [21-25].

2.2. ECN Spray A operating conditions and parametric
variations

The primary reference condition defined by the ECN,
designated as “Spray A,” features a spray of n-dodecane
(C12Hg6) from a single-hole diesel fuel injector (90 pm)
at an injection pressure of 150 MPa. The ambient condi-
tions target the low-temperature combustion regime with
a moderate amount of EGR (900 K, 22.8 kg/m?, and 15
vol.% Os), which is summarized together with the para-
metric variations applied in this work in Table 1 [1]. A
batch of nominally identical ECN injectors is available
to provide the growing number of participating institutes
with appropriate hardware, and to cope with finite injector
lifetime [26]. The injectors used in this work are identified
with the numbers #201001 (TU/e), #210678 (IFPEn) and
#120370 (Sandia) [1]. Due to the focus of this work on the
flame structure of the fuel spray, a longer injection dura-
tion than the usual 1.5 ms has been applied. Note that this
should not influence the behavior of a spray around the
FLOL due to the quasi-steadiness in this region during in-
jection. Unless stated otherwise, the experimental results
presented in this work are newly reported and consist of
ensemble averages based on 5 to 20 individual recordings
or experiments.

Table 1: Summary of the Spray A conditions with parametric vari-
ations. Spray A baseline conditions are indicated by bold text.

Gas temperature (K) 800 900 1000
Gas density (kg/m?) 22.8
Oxygen (vol%) 13 15 21
Injection pressure (MPa) 50 100 150
Fuel 012H26
Fuel temperature (K) 363

In former studies, the conditions within the TU/e com-
bustion vessel have been validated for the Spray A test
case [3, 27]. After the previous ECN campaign [20], the
vessel has been updated and new software for the control



of the vessel was implemented. Subsequently, high-speed
OH* experiments of the previous campaign were repro-
duced with the new equipment and the results were used to
validate the conditions based on the FLOL. As the FLOL
is rather sensitive to the ambient [13-15], it served as a
primary reference for the boundary conditions. After com-
pletion of the measurement campaign that produced the
data to be discussed here, two small and counteracting de-
viations from the desired ambient conditions were discov-
ered in the TU/e setup. A software error in the pre-burn
charge filling procedure resulted in too high oxygen con-
centration, which was offset by an over-performing mixing
fan which decreased the vessel core temperature. This si-
multaneous malfunctioning of two parts of the equipment
went unnoticed, because their net effect on the spray flame
structure essentially cancels. The resulting boundary con-
ditions caused by both deviations add up to an ambient
density of 23.7 kg/m?, an ambient temperature of 870 K
and an oxygen concentration of 16.9%. These deviations
remained constant over the entire measurement campaign
of TU/e experiments.

3. Optical diagnostic techniques

Chemiluminescence of the excited-state hydroxyl radi-
cal (OH*) and PLIF of ground-state OH and/or formalde-
hyde have been recorded in three different combustion ves-
sels. A schematic overview of the generic optical setup is
shown in Figure 1.

Figure 1: Schematic overview of the TU/e combustion vessel with
the applied layout for detecting chemiluminescence and PLIF.

3.1. Chemiluminescence

High-speed image series and single-shot images of re-
acting fuel spray chemiluminescence have been obtained
using intensified cameras equipped with spectral filters
centered near the 307.8-nm peak emission line of the excited-
state hydroxyl radical (310 & 5 nm). The OH* radical is

an excellent marker for the flame front location, since it
is predominantly formed in the hot diffusion flame [28].
This results in a narrow region of excited radicals at the
location of the flame front [29]. Table 2 lists the most im-
portant differences between the optical imaging systems
which have been used to detect OH*. IFPEn used an in-
tensified CCD camera (Princeton Instruments, PI-MAX2,
RB slow intensifier) equipped with a Sodern lens (CERCO
45.5 mm {/1.8) and captured the reacting fuel spray dur-
ing a quasi-steady state with a 2.5-ms exposure time and
a Semrock band-pass filter set centered around 315 nm.
Sandia used an intensified CCD camera (Princeton Instru-
ments, PI-MAX3, UV intensifier) with an Nikon lens (UV
Nikkor 105 mm f/4.5) in a similar fashion to IFPEn and
imaged the spray flame with a band-pass filter centered
around 308 nm (10 nm FWHM). In addition to this, a sin-
gle high-speed movie (20 kHz with a 2-us exposure time)
was recorded using a high-speed intensified camera with
fiber-optic coupling, and the same UV-sensitive lenses and
filters [30]. TU/e used a high-speed (10 & 15 kHz) fiber-
coupled intensified CMOS camera (Lambert HiCam, S20
photocathode) with a 10-us exposure time and a Nikon
lens (UV Nikkor 105 mm f/4.5) with an Andover band-
pass filter at 307 nm. To produce the classical quasi-steady
chemiluminescence images, illustrated in Figure 2, TU/e
results are averaged during a period of 2.9 ms, from 1.1 ms
to 4 ms after Start Of Injection (SOI).

Min

Max

0 10 20 30 40 50 60 70
Axial position [mm]

Figure 2: Example of a time-averaged, quasi-steady OH* result at
the Spray A baseline, obtained by TU/e in a false-color scale. These
are line-of-sight data and not Abel-inverted. The axial position cor-
responds to the downstream distance from the nozzle exit. The color
scale is indicated at the top. Unless stated otherwise, this scale is
used throughout the entire paper.

When fuel is injected in a Spray A experiment, liquid
fuel breaks up into smaller droplets, vaporizes, and en-
trains enough hot air to initiate the combustion processes.
After ignition, the flame front arises at a well-defined dis-
tance downstream of the injector, the FLOL, which is one
of the primary reference parameters for model validations.
For this reason, the FLOL has been the subject of many
previous studies where the OH* radical has been used as
a marker for the flame front [13-16, 20]. Since the chemi-
luminescence of OH* is imaged through band-pass filters,



Table 2: OH* chemiluminescence, OH PLIF and CH2O imaging system details.
wavelength with the full width at half maximum between parentheses.

The values in the filter column represent the central

Species Intensifier Lens Exposure Pixel size Filters
IFPEn OH* RB Slow  45.5 mm /1.8 2.5 ms 10.29 pixel/mm 315 nm (25 nm)
TU/e OH* 520 105 mm /4.5 10 us, 10/15 kHz  4.72 pixel/mm 307 nm (10 nm)
Sandia OH* uv 105 mm /4.5 3 ms 11.5 pixel/mm 308 nm (10 nm)
Sandia HS OH* 520 105 mm /4.5 2 ps, 20 kHz 5.39 pixel/mm 308 nm (10 nm
IFPEn OH RB Slow  45.5 mm /1.8 50 ns 10.29 pixel/mm 315 nm (25 nm)
TU/e OH UNIGEN II 100 mm /2 50 ns 31.95 pixel/mm 315 nm (25 nm)
IFPEn CH-0O RB Slow  45.5 mm /1.8 50 ns 10.29 pixel/mm 474 nm (80 nm)
TU/e CH,0 UNIGENII 100 mm f/2 10 ns 13.62 pixel/mm 425 nm (50 nm)
Sandia CH»O HBf 105 mm /4.5 250 ns 5.16 pixel/mm 418 nm (65 nm)

that have low yet finite transmission outside the spectral
range of interest, it is important to consider the black
body radiation of soot particles over the entire spectrum.
Although photocathode quantum efficiency decreases at
longer wavelengths and filter transmission is low, soot in-
candescence can be orders of magnitude more intense than
OH*, and may also contribute emission near the intended
310-nm collection [31, 32]. However, at Spray A conditions
the first formation of soot occurs at a finite distance down-
stream of the FLOL [33], and therefore soot incandescence
is not interfering at the main region of interest for these
experiments.

3.2. Planar laser-induced fluorescence

Semrock filter-set of IFPEn, using a gate time identical to
that of IFPEn.

Fluorescence from the vibronic bands of formaldehyde
has been imaged by TU/e, IFPEn and Sandia, using the
third harmonic output of a Nd:YAG laser at 355 nm for
excitation. The laser sheet sizes and energy were: 40 mm
x 0.5 mm at 160 mJ/pulse (TU/e), 45 mm x 0.5 mm at
100 mJ/pulse (IFPEn) and 60 mm x 0.3 mm at 100 mJ/pulse
(Sandia). All three institutes used a similar intensified
CCD camera (Princeton Instruments, PI-MAX3) for the
detection of formaldehyde, in combination with different
filters, gate timings and lenses. TU/e used a Bernhard
Halle lens (B. Halle Nachfl., 100 mm f/2), a 450-nm short-
pass and a 400-nm long-pass filter. A gate time on the or-

PLIF was used to detect products of both high—temperatureder of the laser pulse duration was used, based on the short

reactions and low-temperature chemistry of Spray A and
parametric variations thereupon. The most important de-
tails are listed in Table 2. Similar to OH* chemilumines-
cence, ground state OH can be used as a marker origi-
nating from (but not restricted to) the flame front, with
PLIF obviously providing the advantage of restricting the
detection of the radical to a thin plane [12, 16-18, 34]. To
probe the ground state OH radicals, a frequency-doubled
dye laser operated on Rhodamine 6G was used by IF-
PEn and TU/e. Both dye lasers were pumped using a
frequency-doubled Nd:YAG laser at 532 nm. IFPEn in-
duced excitation at a wavelength of 282.92 nm, while TU /e
probed the OH radical at a wavelength of 283.93 nm, corre-
sponding to the Q;(6) and Q1(9) transitions, respectively.
Both institutes used an off-resonance correction for the ob-
tained results by tuning the dye laser to a wavelength of
283.10 nm and 283.83 nm for IFPEn and TU/e, respec-
tively. IFPEn formed a laser sheet of 18 mm x 0.5 mm
but conducted experiments at two axial positions to pro-
vide data over 35 mm. The detection of OH PLIF by
IFPEn was achieved using an identical experimental ap-
proach compared to OH* but with an exposure time of
50 ns. TU/e performed experiments with a single laser
sheet of 30 mm x 0.5 mm. The detection of OH PLIF
at TU/e was performed using an intensified CCD camera
(Princeton Instruments, PI-MAX3) equipped with a Bern-
hard Halle lens (B. Halle Nachfl., 100 mm, f/2) and the

lifetime of formaldehyde fluorescence at elevated temper-
ature and pressure [35], and large amounts of potential
spectral interference. IFPEn used a Sodern lens (CERCO
45.5 mm f/1.8), a band-pass filter at 474 nm (80 nm FWHM)
and a gate time of 50 ns. At IFPEn, the formaldehyde
PLIF experiments were conducted simultaneously with OH
PLIF measurements. Sandia used a Nikon lens (Nikkor
50 mm, f/1.2), a 450-nm short-pass filter and a 385-nm
long-pass filter with a gate time of 250 ns. Sandia and
TU/e recorded background images with their individual
settings without laser illumination to correct for the bulk
flame luminosity. Sandia performed an additional back-
ground correction based on laser illumination of non-reacting
sprays to preclude elastic scattering and fuel PLIF. IFPEn
recorded a background image with representative bound-
ary conditions and laser illumination, but without fuel in-
jection. Previous studies have shown that 355-nm PLIF
images contain a significant contribution originating from
elastic scattering (mainly from the liquid fuel), Laser-Induced
Incandescence (LII) of soot and fluorescence of Poly-Aromatic
Hydrocarbons (PAH) [17, 18, 24, 25, 36-38]. These stud-
ies also have shown that formaldehyde features can nev-
ertheless be distinguished by considering the spatial and
temporal structure, as well as relative intensities of in-
dividual contributions to the signal. The Spray A con-
dition has already been the subject of many studies [1-
5, 20-22, 24, 25, 27]. For this study, the available spatio-



temporal information on many species aids in interpreting
the specific contributions to PLIF images using excitation
at 355 nm, as will be discussed.

4. Results and discussion

4.1. Spray A baseline

Given a sufficiently long injection duration and con-
stant fuel injection rate, many processes upstream of the
penetrating spray head can be considered as quasi-steady
[12, 39]. Because the constant-volume vessels used in this
study permit long injection durations (as compared to
most reciprocating engines), sufficient time is available to
allow the development and analysis of quasi-steady behav-
ior in the reacting fuel spray. Previous work has indicated
consistency in combustion-related phenomena among ECN
contributors despite small differences in vessel geometries,
injector details, and boundary conditions [3-5]. Using the
remaining and mostly identified deviations and resulting
recommendations based on these previous comparisons has
allowed for a further convergence of quasi-steady results in
the Spray A baseline test case. To further explore and un-
derstand the combustion processes, a longer injection du-
ration has been applied to study the quasi-steady flame of
the reacting fuel spray. In addition to that, the transient
flame structures have been studied as well, with emphasis
on the early development of the reacting spray.

4.1.1. OH* Chemiluminescence

Comparisons of the OH* images such as Figure 2, and
with a standardized method to process and quantify the
FLOL, have been reported in previous work [4]. The struc-
ture in these classical OH* images can be interpreted as be-
ing composed of (narrow-band) OH* emission and (broad-
band) soot luminosity. A narrower detection bandwidth
(centered around the OH* emission), or relatively larger
transmission with respect to longer wavelengths, will then
lead to a stronger OH* contribution relative to that of
soot. This is consistent with an interpretation of the most
upstream signal as being due to OH* emission, while down-
stream, where soot forms a significant distance away from
the FLOL [33], the signal is from both OH* as well as
soot or large PAH luminosity. The start and duration of
camera exposure have a significant influence on the down-
stream structure of the imaged spray. Starting the expo-
sure shortly after auto-ignition will broaden the structure
due to inclusion of the spray head, inherently coupled to
the detection of incandescence further upstream. This is
an important aspect to consider for images discussed in
this work, where a contour of such recordings is used to
indicate the outline of OH*.

The high-speed approach to detect OH* chemilumines-
cence of the Spray A test case by TU /e and Sandia allows
a time-dependent analysis. The intensity I(z,y,t) can be

integrated along the radial direction of the spray (y) ac-
cording to,

oo

I = /I(l‘,y,t) dy7 (1)

—00

retaining information on the intensity I,; as a function of
axial distance x and time ¢. Plots generated using this in-
tegration will therefore be denoted as I,4-plots. Each pixel
column in such a plot is a false-color representation of the
total intensity along the spray axis at a given moment in
time, examples of which are shown in Figure 3. Note that,
unlike several subsequent results, these I.;-plots are based
on the original line-of-sight data. In order to illustrate the
quasi-steadiness in the upstream region where OH* is de-
tected, iso-intensity lines have been plotted that coincide
with the lift-off lengths deduced from the time-averaged
results of TU/e and Sandia, respectively. Starting from
the first detection of OH* around 400 us after the SOI,
the image of TU/e in particular shows a bright region of
chemiluminescence in which an amount of premixed fuel is
burnt with the initial high-temperature reactions. Soot is
expected downstream (>30 mm) and at least shortly after
auto-ignition (>800 us) [6]. Shortly afterwards the lift-off
region stabilizes, whereas the head of the spray continues
to penetrate further into the combustion vessel. This flame
penetration can be observed in the upper left region of the
images. A decrease in velocity downstream of the injec-
tor due to the radial expansion and momentum exchange
encountered by the jet is observed clearly in both images.
After the end of injection, the luminous combustion is seen
to split into two parts, one short tail traveling upstream
(“combustion recession”) and a second tail, corresponding
to burn out of the jet, traveling downstream. The progres-
sion of the luminous zone towards the injector is similar
to the observations and analyses of previous studies, and
can be interpreted as an ignition event [20, 25, 40, 41].

Musculus and Kattke used experimental observations
to develop a model which features a so-called “entrainment
wave” traveling downstream through the jet at twice the
initial jet penetration velocity after the EOI. This entrain-
ment wave has been shown to increase the entrainment
after EOI by a factor three [42]. The relatively high, but
stable, velocity at which the remainder of the flame travels
after the end of injection (labeled “Burn-out” in Figure 3),
illustrates that the sudden stop of fuel supply results in an
increased velocity and enhanced mixing compared to the
penetrating head. The model developed by Musculus and
Kattke shows that the entrainment wave produces linear
propagation of the averaged axial velocity and equivalence
ratio after the EOI. With similar linearity demonstrated in
the experiment, this indicates that the observed burn-out
is governed by the local equivalence ratio.

Parallel streaks of relatively high intensity between 40
and 80 mm downstream of the injector in the central part
of both I,;-plots are identified by white arrows in the TU /e
plot. Similar streaks are visible in the Sandia result as well,
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Figure 3: Radially integrated OH* intensity obtained by TU /e and Sandia as a function of axial distance and time, with a contour defined by
the intensity at the location of the steady FLOL. Note that the I+ plot created from the results of Sandia is based on a single experiment.
Bilinear interpolation is used to enhance image resolution. Various features have been identified in the figures to support the analysis provided

in the text.

and indicate reproducible high-intensity features traveling
downstream during the experiments. The velocities of the
streaks are in between the initial flame penetration and
that of the burn-out phase. In original image sequences
(available at [30]), these features appear to originate from
growing soot clouds that entrain fresh charge which are
subsequently transported downstream along the periph-
ery of the spray. This is consistent with observations of
increased ambient entrainment in single-phase jets with an
imposed velocity reduction [43], and therefore suggestive
of minor entrainment waves caused by repeatable fluctua-
tions in the rate of injection.

The higher intensity regions in Figure 3 starting around
1 ms after SOI at a distance of about 35 mm downstream of
the injector, correspond to observations made in soot stud-
ies at Spray A conditions [6, 21]. This observation further
substantiates the hypothesis that the regions downstream
of 35 mm in OH* recordings are heavily polluted by soot
incandescence, which will be covered in more detail when
the relations between detected species are discussed.

4.1.2. OH PLIF

The ensemble-averaged results of OH PLIF experiments
by TU/e and IFPEn are presented in Figure 4. The injec-
tion duration in TU/e PLIF experiments was extended
from 3.8 to 5 ms, with respect to the high-speed OH*
chemiluminescence recordings. Both institutes performed
single-shot OH PLIF experiments to visualize the initial

high-temperature reactions after auto-ignition, and the quasi-

steady structure in a planar cross section. The time after
SOI is indicated in all images of Figure 4, and the corre-
sponding flame penetration from Figure 3 is shown by a

dotted line. Note that in this figure the IFPEn images are
a collage of two, individually normalized and ensemble-
averaged images, with different laser light sheet locations
(glued at 23 mm downstream of the injector). The re-
duced signal at this location (23 mm) indicates lack of
laser energy at the edge of the laser sheet. As compared
to the chemiluminescence experiments, the signal obtained
from OH PLIF is confined to a smaller region of the flame
and depends on the local laser excitation energy. White
arrowheads in the images indicate the approximate lim-
its of the laser sheet, which passes from top to bottom in
these experiments. The lower OH branch is in general less
bright than the upper one, which is attributed to excita-
tion laser light being attenuated by the central regions of
the spray [17, 44]. The laser sheet intensity distribution
of TU/e experiments has been retrieved by recording the
elastic scattering of still gas in the high-pressure facility
(accumulation of 1000 laser shots). Using this distribu-
tion to normalize the detected fluorescence improves the
represented signal for experiments near the lift-off loca-
tion. The sheet intensity distribution is included in the
top of the figure for the 600 us case, where the cut-offs at
11 and 41 mm from the injector orifice (coincident with the
white arrows) indicate the field-of-view of the camera for
TU/e experiments. However, using the normalization en-
hances artifacts in regions with low laser energy. Since the
main interest for OH PLIF in those images is the upstream
part of the spray flame, both IFPEn and TU/e attempted
to illuminate this whole region with sufficient excitation
energy. Due to this focus, the above-mentioned artifacts
occur further downstream and, therefore, at late timings
in particular. Note that the PLIF normalization procedure
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Figure 4: Development of OH PLIF structures obtained by TU/e
and IFPEn at Spray A conditions. The TU/e data have been nor-
malized for the laser intensity distribution indicated by the color bar
in the top, left column. Note that an exact match in timing only
occurs at 700 and 4700 us after SOI, and that the injection dura-
tion was 5 ms for both TU/e and IFPEn. The white dashed lines
in the top recordings of IFPEn indicate the location where images
were combined. White dotted lines indicate TU /e flame penetration
according to the contours of Figure 3.

has only been applied to the OH PLIF results obtained by
TU/e, since these were the only experiments for which the
laser sheet intensity distribution was available.

The first OH PLIF image by IFPEn in Figure 4 corre-
sponds to 400 us after SOI, shortly after the ignition delay
[4, 26]. At this timing, images are relatively structureless.
The typical spray flame structure, with an envelope of OH
surrounding a (more fuel-rich) core, only shows up later
after SOI (550 and 600 us for IFPEn and TU/e, respec-
tively). The less regular distribution of OH fluorescence
intensity in the image at 400 us, supports the contention
that during the initial high-temperature combustion, par-
tially premixed fuel is consumed in local pockets. This
likely resulted in the relatively high OH* chemilumines-
cence signal observed in the lower left of the I,; plots
(Figure 3) as well. At 700 us, less coherent images are
observed compared to the quasi-steady case. Overall, OH
is visible at the head of the penetrating jet briefly during
ignition and up to 700 ps with slight variations between
individual institutes, but not after reaction progresses and

the jet head moves downstream of the laser sheet. The im-
ages at 800 and 2700 us in Figure 4 correspond to timings
which can already be considered as quasi-steady.

The similarity of the quasi-steady results in the bot-
tom of Figure 4 is expected, given that TU/e and IF-
PEn both used the same filter pack and an identical 50-ns
gate time triggered 4.7 ms after SOI. The resulting images
clearly illustrate how OH is found in the presumed high-
temperature region in the periphery of the spray where
OH* is detected, surrounding a more fuel-rich central vol-
ume with lower temperatures [33, 45, 46]. Comparing both
OH PLIF images we observe a steep fluorescence inten-
sity increase at similar locations downstream of the nozzle,
which is more pronounced in the TU /e results. It cannot
be ruled out that the slight downstream shift in the IFPEn
results on this position, as compared to previous timings,
is an artifact caused by laser intensity fluctuations.

4.1.3. Formaldehyde PLIF

For the imaging of formaldehyde PLIF, more substan-
tial differences in detection methodology among the three
institutions exist, as discussed in subsection 3.2. Due to
these differences, extra care is required when comparing
the individual images. The evolution of the formaldehyde
signal in time is presented in Figure 5, where the time af-
ter SOI is indicated in all images. The white arrowheads
in the top of each image indicate approximate limits of the
laser sheet. An exact match in timing is shown at 700 us
between IFPEn and Sandia, and at 4700 us by IFPEn
and TU/e. The other cases are sufficiently close in timing
to warrant comparison.

The first images shown in Figure 5, obtained by San-
dia and IFPEn, show the early structure of formaldehyde,
still without obvious contributions of PAH fluorescence.
Though not reproduced here, Skeen et al. [25] observed
formaldehyde PLIF as early as 190 us after SOI for the
Spray A condition. The region along the jet axis in which

the fluorescence signal is interpreted as being due to formalde-

hyde is indicated by a white bracket in the first image of
both sequences. As observed in previous work [24, 36], dis-
tinct fluorescence lobes of formaldehyde can be identified
above and below the spray axis downstream of the first
axial position where formaldehyde is detected (indicated
by white arrows). When moving radially inwards from
these lobes the local equivalence ratio increases, and mix-
ture temperature most likely decreases, which was stud-
ied by Idicheria and Pickett with various different bound-
ary conditions [36]. This change in mixture temperature
and local equivalence ratio presumably gives rise to the
reduced signal strength of formaldehyde near the spray
axis at this location due to local regions which have not
gone through first-stage ignition. In the work by Idicheria
and Pickett, this was substantiated by adiabatic mixing
calculations of non-reacting jets at various ambient tem-
peratures, and mixture temperature measurements from
Rayleigh scattering. Note that the intensity upstream of
the white arrows in the recordings by IFPEn, is caused



IFPEn - CHZO PLIF  Sandia & TU/e - CHZO PLIF

>17.5%

0 10 20 30 0 10 20 30
Axial position [mm]

Figure 5: False-color PLIF images showing ensemble-averaged
formaldehyde structures at different timings, obtained by IFPEn,
Sandia and TU/e at Spray A conditions. Markings are provided to
illustrate laser sheet extent, and time-dependent structural behavior
(see text for details). Displayed dynamic ranges have been adjusted
to emphasize the CH2O structure. Regions which become saturated
due to the adjusted color palette are indicated by percentages. Im-
ages from Sandia at 390 us and 590 us are single-shot recordings,
the image at 390 has been reported in a previous study [24].

by elastic scattering of light off the liquid fuel, which is
not suppressed by the optical filters. The formaldehyde
structure reaches up until the approximate head of the jet
around 400 us after SOI. Although the formaldehyde sig-
nal in the central core of the jet within the upstream lobe
regions is less intense, we point out that the most intense
signal is in fact observed slightly downstream near the cen-
ter of the jet head where Rayleigh scattering mixture mea-
surements have demonstrated equivalence ratios exceeding
¢ = 4. Dahms et al. [47] introduced the term “turbulent
cool flame wave” to describe the rapid progression of first-
stage ignition from the leaner hotter regions into the cooler
richer regions. Thus, first-stage ignition appears to initiate
in the radial upstream lobes whereafter heat and reactive
intermediates are transported downstream by convection
and into the jet core by rapid diffusion due to steep tem-
perature and species gradients. The rapid transport of
heat and reactive intermediates into the core of the jet
slightly downstream of these lobes accelerates first-stage
ignition in fuel-rich regions that would normally be char-

acterized by much longer ignition delay times. In the im-
ages at 550 and 590 us after SOI, the same characteristic
lobes are still observed upstream, which were previously
identified with arrows. Downstream of these lobes, the
radial extent of the formaldehyde structure increases and
becomes more homogeneous over the entire spray when ap-
proaching the location of the FLOL (around 17 mm from
the injector orifice for Spray A conditions). Downstream
of the FLOL (between 18 and 28 mm from the injector
orifice), formaldehyde is consumed when approaching the
periphery of the spray by the high-temperature diffusion
flame. Inside the contours of the diffusion flame formalde-
hyde mixes and interacts with high-temperature products,
confining the structure over the radial component until it
becomes indiscernible with respect to the presence of PAH.
Further downstream of this location, PAH fluorescence can
be recognized by the radial expansion and increased inten-
sity as identified at Spray A conditions by Skeen et al. [24].

Since the signal further downstream in subsequent im-
ages is dominated by increasing amounts of PAH fluores-
cence, the displayed dynamic ranges are adjusted. By ad-
justing the displayed intensity range, regions with PAH ap-
pear saturated, indicated by percentages to illustrate the
quantitative contribution of the downstream region. For
instance, in case of the image by IFPEn at 700 us after
SOI, this means that only up until 35% of the maximum
intensity is displayed. This contribution of PAH appears
to persist until the end of the spray or the end of the laser
sheet for all images.

In the final image of IFPEn (4700 us) and Sandia
(2500 ps), the white brackets are shown at identical lo-
cations as in the first recording to illustrate small spatial
changes of the structures. Similar to a stabilized structure
of OH and OH* at the lift-off region, the entire appearance
of formaldehyde does not vary significantly during the in-
jection event. Considering the onset of PAH fluorescence,
there appears to be an upstream shift over time, which is
presumably caused by increasing background luminosity
as the flame matures. This apparent shift is especially vis-
ible from the images of 700 to 4700 us obtained by IFPEn
(pointed out by a white dashed line which coincides with
the most upstream location where saturation occurs when
normalizing to CH2O intensity).

When comparing the final images of all three insti-
tutes, the Sandia result shows a relatively high intensity of
formaldehyde with a more pronounced separation to the
PAH and soot region at a larger distance from the injec-
tor orifice. Based on the higher laser intensity and red-
shifted filters used by TU/e and IFPEn, it is likely that
Sandia obtained less PAH PLIF and LII signal, increasing
the relative signal strength originating from formaldehyde
fluorescence. Possible non-linear effects might affect the
relative fluorescence yield, but given the similar fluences
in experiments by different institutes, it seems unlikely
that they can explain the differences in Figure 5. In ad-
dition to this, the aforementioned apparent shift of PAH
fluorescence explains a significant part of the differences in



the quasi-steady results between all three institutes. Later
in this paper, the sensitivity of PAH and formaldehyde to
changes in ambient temperature will be discussed in more
detail.

4.1.4. Relations between detected species
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Figure 6: Combination of results showing the spatial relation be-
tween OH, formaldehyde, and previously obtained soot volume frac-
tion available from the ECN database [1, 48]. The results of individ-
ual experiments are color-coded, using green for the CH2O and PAH
PLIF experiments, red for OH PLIF and blue for soot volume frac-
tion. The white lines show the contour of OH* and incandescence
based on the intensity at the lift-off length. The bottom panel shows
simultaneously acquired single-shot images of OH and formaldehyde
PLIF by IFPEn at an ambient temperature of 800 K. The CH20O and
PAH results in the second panel are not corrected for the background
luminosity and show some weak diffuse signal outside the laser sheet
and jet boundaries.

The good reproducibility of Spray A conditions be-
tween participating institutes has allowed a direct com-
parison of results obtained in different test facilities. In a
similar fashion, this reproducibility and the quasi-steady
behavior of the spray flame allows a comparison between
detected species relevant for the flame structures based
on ensemble-averaged experiments. In the upper three
panels of Figure 6, the combined results obtained using
different diagnostic techniques at quasi-steady conditions

are presented for each institute, using color-coding for the
individual experiments and corresponding laser sheet lo-
cations. In the bottom panel, a single-shot recording of
simultaneous OH and CH50 at a relatively low ambient
temperature is presented. The white lines in the upper im-
ages are iso-intensity lines of OH* (including the contribu-
tion of incandescent soot), indicating the spatial structure
of these recordings; these contours are based on the inten-
sity level at the lift-off length. The green color represents
formaldehyde and PAH PLIF excited at 355 nm, while
OH PLIF results are represented in red. The blue color in
the image of Sandia indicates the soot volume fraction for
Spray A obtained in a previous study [49]. An overlap in
OH and formaldehyde and PAH PLIF results in a yellow
color.

Formaldehyde appears at a discernible distance up-
stream of OH PLIF for both IFPEn and TU/e, and pre-
cedes the FLOL determined by OH* recordings for all in-
stitutes. There is no significant spatial overlap in formalde-
hyde and OH PLIF signal (noting that the CH5O is in the
upstream region), an observation that has been reported
in simultaneous detection measurements in other studies
as well [17, 18, 50]. In combination with both the white
OH* contour and the red OH PLIF signal, consumption of
formaldehyde near the high-temperature reaction zone is
evident. Regarding the fluorescence originating from PAH,
we see that it remains relatively confined to the spray cen-
ter. In the Sandia measurements, the quasi-steady signal
from soot volume fraction measurements starts at a dis-
tance of approximately 40 mm downstream, where it over-
laps with the CH,0 and PAH signal (cyan color); further
downstream the results of the two diagnostic techniques
seamlessly supplement each other. The appearance of in-
creasing soot volume fraction coincides with the increasing
intensity observed in the I,;-plots, supporting the inter-
pretation that the downstream luminosity is in fact due
to soot rather than OH*. Soot precursors tend to grow
over time and axial distance, preceding oxidation in the
hot flame front. As the signal from soot volume fraction
measurements starts at a larger distance from the injec-
tor orifice compared to PAH fluorescence, it is expected
that smaller soot-precursor PAHs have been excited using
PLIF [51].

To address effects by averaging experiments, a com-
bined image of simultaneously detected single-shot record-
ings at an ambient temperature of 800 K by IFPEn is
shown in the lower panel of Figure 6. By adjusting the
intensity range for both OH and CH,O PLIF to a range
between 0 and 25%, low intensity regions have been ampli-
fied. Here again, OH surrounds the formaldehyde struc-
ture, and minimum overlap between signals can be ob-
served (yellow color). The OH branches similarly reduce
the radial extent of formaldehyde, indicating consumption
in the high-temperature reactions.

Considering the relation between OH and OH*, OH
PLIF signal appears at a distance which is distinctly fur-
ther downstream than the onset of the OH* signal, and



reported FLOL values [1]). This is in line with previous
studies in internal combustion engines with similar ther-
modynamic conditions [16, 52]. Downstream of the FLOL,
it seems that the contour of OH* in Figure 6 intersects the
OH PLIF signal exactly at the maximum. As the contour
is determined by the relatively low intensity at the FLOL
region, this may be an indication that OH is found at a
larger radial distance from the spray axis, where OH* no
longer persists. But in order to directly compare the line-
of-sight OH* recordings and the planar OH PLIF images,
an inverse Abel transformation is used to approximate the
OH* along a plane. The images obtained by the line-of-
sight recordings of OH* chemiluminescence are considered
to be axisymmetric about the central spray axis of the
injector. Under this assumption, and that of no OH* ab-
sorption, the inverse Abel transform can be used to recon-
struct a 2D radial cross section from a line-of-sight image,
according to

_l/OOdIOH* dy
m dy ,/y2—742.

Starting from the central axis of the spray, this inversion
is performed over 180 degrees, separately for both the up-
per and the lower part of the spray. Figure 7 presents
the quasi-steady, inverse-Abel-transformed OH* images of
TU/e and IFPEn, combined with a contour of OH PLIF
at an intensity threshold of 15%, with respect to the max-
imum signal. We observe the onset of the OH distribu-
tion to be shifted downstream relative to that of OH*. At
first sight this might appear contradictory, since, after all,
all OH* becomes OH after photon emission. In an inter-
nal combustion engine with simultaneous detection of OH
PLIF and OH*, an offset between OH* emission and OH
PLIF along a plane was considered to be caused by asym-
metries in the flame shape, including OH* not in the plane
of the laser sheet [16]. More recently, these observations
were studied in more detail by comparing optical engine
results to a lifted methane diffusion flame and numerical
simulations [52], where it was additionally shown how the
collection angle in combination with a thin laser sheet fur-
ther biases the increased LOL based on OH PLIF. The
collection angle, however, is of no concern for OH PLIF in
a combustion vessel. Concentrations of OH and OH* may
differ significantly in any spray flame. However, while all
OH* either quenches or contributes to the chemilumines-
cence signal, only a few rotational states of OH contribute
to the PLIF signal, which implies that detection sensitivity
is not the same for both cases. The OH-distribution in Fig-
ure 7 is also seen to be broader than that of OH* in the
radially outward direction, similar to the lifted methane
flame. This is a consequence of the inherently larger life-
time of OH, and can be well visualized when reducing the
influence of laser intensity by considering the normalized
intensity as function of the radial position in a finite region.
The lower panels of figure Figure 7 show the normalized in-
tensity of OH and OH* axially integrated over the equally
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colored boxes in the upper images at locations 1 and 2. In
all cases, the OH distribution is seen to be shifted radially
outwards relative to that of OH*, despite the sensitivity of
the radial location of OH PLIF to the alignment between
the laser sheet and the spray axis. Note that a threshold
of 15% is not always reached in box 1.
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Figure 7: Combination of inverse-Abel-transformed OH* lumines-
cence distribution (false colors) and the contour (white) of OH PLIF
at 15% of the maximum intensity, as recorded by TU/e and IF-
PEn. The laser sheet correction was not applied to the contours in
this comparison. The bottom panels show the average intensity as
a function of radial distance in the corresponding colored boxes at
location 1 and 2.

To put the observed relations between the species de-
tected in this study into perspective, representative non-
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Figure 8: Igniting counterflow simulation results, showing concentra-
tions of OH (in red) and CH2O (in green) at an ambient temperature
of 900 K. The stoichiometric mixture fraction is indicated by a red
line. The white and blue iso-contour line represent a 1% concen-
tration of OH* and OH, respectively. The dashed lines show two
possible gas pocket trajectories, referred to in the text. The insert
represents a zoomed view of the region where ignition occurs.

premixed igniting counterflow flame simulations were per-
formed using the chemical kinetics mechanism proposed by
Narayanaswamy et al. [53], augmented with a small set
which describes OH* chemistry, which is compiled from
[54-56]. The results of such simulations are often tabu-
lated, serving as a lookup table in a Flamelet Generated
Manifold (FGM) approach [11, 57], or a Representative
Flamelet in RIF approaches [8, 58]. It should be kept in
mind, however, that these models are not yet validated for
the present condition. The counterflow simulations were
initiated with an adiabatic mixing assumption and a strain
rate of 100 s~! at an ambient oxygen concentration of 15%,
an ambient temperature of 900 K, and a fuel temperature
of 363 K (n-dodecane). Figure 8 shows the solution of the
igniting flame as a function of time and mixture fraction.
A fuel pocket will move over this surface while it mixes and
ignites. The normalized concentrations of OH and CH,O
for these conditions are shown in red and green, respec-
tively, similar to the color scheme of Figure 6. The red
line indicates the stoichiometric mixture fraction and the
white iso-intensity line indicates an area with a concen-
tration above a threshold of 1% OH*, with respect to the
maximum in the domain. Using the same threshold for
OH results in the blue iso-intensity line, illustrating OH in
equilibrium and the increased range of mixture fractions
where the radical is detected after ignition.

In order to guide the reader and illustrate the applica-
bility of Figure 8 to spray flame simulations, two typical
gas pocket trajectories are provided. The dashed purple
line shows an example of a gas pocket originating from the
injector orifice, burning to completion and ending up near
a global equivalence ratio at 2 ms. The dashed cyan line
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shows an example of a gas pocket outside the spray which
is entrained into the spray. The entrainment causes an in-
crease in mixture fraction, after which the pocket ignites,
is rejected out of the spray, and burns to completion.

Absolute values from these simulations predict OH*
concentrations up to seven orders of magnitude below those
of OH, similar to values reported by Li et al. [52]. Based
on the applied reaction mechanism, the highest concen-
tration of OH* is predicted during ignition on the fuel-
rich side of the stoichiometric mixture fraction, indicated
by the white arrow and magnified in the insert. Accord-
ing to the kinetic mechanism, concentrations of OH* are
proportional to the rate of production of photons. OH
concentrations show a maximum during ignition as well,
but much less pronounced and shifted to the lean side of
the flame. Furthermore, calculations show that the OH*
concentration peaks at a lower temperature compared to
OH (1960 K versus 2100 K, respectively). After ignition,
OH* is quickly depleted, while OH concentrations remain
finite as the flame stabilizes, e.g. by thermal dissociation
of HoO. This corresponds with the high intensity lobes of
OH* observed in the FLOL region versus a more constant
signal level of OH PLIF over the axial distance.

A number of general observations and postulates re-
garding the differences between OH and OH* have been
established in the scope of this study.

e In addition to asymmetries in the lifted flame, ob-
served signal strength of OH is closer to the detec-
tion limit when compared to OH*. Consequently re-
gions with low OH density remain undetected in the
PLIF experiments. In fact, the observations are at
least qualitatively in agreement with what would be
expected if the high-temperature flame front charac-
terized by OH* was initially the only source of OH.

e OH™ concentration is high at ignition and then quickly
drops (by a factor of 100-1000). Peak concentrations
at relatively lower temperature and higher mixture
fractions compared to OH can lead to a relatively
shorter OH*-derived FLOL. OH is found also at the
high temperature regions when the counterflow flame
matures towards its steady state. This explains the
high intensity OH* lobes found at the foot of the
spray flame which correlates with the general con-
ception that these flames are ignition-stabilized [59].

4.2. Parametric variations of Spray A

Having established a well-characterized primary refer-
ence condition allows an efficient study of individual pa-
rameters in the constant-volume facilities of contributing
institutes. The effect of relevant, engine-related parame-
ters has been studied, as indicated in Table 1. We present
qualitative effects of variation in injection pressure, ambi-
ent oxygen concentration and ambient temperature on the
flame structures, based upon OH* chemiluminescence, OH
PLIF, and 355-nm-excited PLIF.
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Figure 9: The effect of injection pressure, ambient oxygen concentration and ambient temperature on the results of OH* and OH studied by
TU/e and IFPEn. OH* is shown in a false-color scale after an inverse Abel transformation, and all panels are individually scaled to their
maximum intensity. A contour from OH PLIF recordings is shown similar to Figure 7. Extent of excitation laser light sheet is indicated by

white arrowheads. See text for additional details.

4.2.1. High-temperature reaction zones

The effect of injection pressure, ambient oxygen con-
centration and ambient temperature on the quasi-steady
result of the high-temperature reaction zones is shown in
Figure 9. Inverse Abel transformed OH* chemilumines-
cence and a contour of OH PLIF are presented similar to
Figure 7. The result of the Spray A baseline is included for
each variation as well, for ease of comparison. Manually
placed red arrowheads at the periphery of the FLOL re-
gion of the spray indicate where the local maximum OH*
intensity is observed. These arrowheads are reproduced in
summary panels for TU /e and IFPEn, respectively. After-
wards, white lines have been fitted through these locations,
which are used to create the outline of a triangle to em-
phasize similarities in all results displayed in this figure. It
turns out that all these locations are distributed over the
surface of identical cones, originating in the nozzle orifice
with a cone angle of approximately 17.7°. Spreading an-
gles from Schlieren images, available from previous ECN
studies [4, 60, 61], are generally much larger. In the case of
reacting jets, the heat-released by combustion forces high-
temperature combustion products to expand in both radial
and axial direction, further increasing the detected spread-
ing angle [62]. Although cone angle values reported here
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are primarily intended to substantiate the discussion, the
difference with spreading angles from literature can be ex-
plained by considering that the spray periphery captured
in high-sensitivity Schlieren images corresponds to near-
zero mixture fraction values, found radially outward of the
near stoichiometric region in which chemiluminescence is
detected (cf. Figure 8). The outer spray cones are subse-
quently supplemented with inner triangle outlines to illus-
trate the inner region without high-temperature combus-
tion. The inner triangle outline is manually constructed
such that it encloses the OH PLIF branches similarly in
all images, resulting in a cone angle of 7.6°. A red line is
added within this inner triangle at the location of the ar-
rowheads obtained from the maximum OH* intensity, and
the laser sheet extent is indicated by white arrow heads
in the top of each image. As with the results from fig-
ure Figure 4, the laser sheets enters the combustion vessel
from above. Therefore, the lower lobes always receive less
photons than the upper ones. However, the obtained re-
sults in Figure 9 allow for a qualitative analysis of OH
and OH* distributions, and phenomena influencing rela-
tive OH* chemiluminescence signal intensities.

Looking at the influence of the injection pressure, there
is only a small difference in FLOL and flame structure be-



tween the 100 and 150 MPa cases (33% reduction), com-
pared to the case of 50 MPa (50% reduction), which shows
a significant decrease in FLOL, and radial extent of the lift-
off region. Furthermore, it is observed that the intensity of
the FLOL region, relative to that of the soot cloud further
downstream, increases with increasing injection pressure.
Qualitatively, this trend can be explained by the higher in-
jection pressures resulting in a higher speed jet, inducing
stronger turbulence and increasing air entrainment. The
combustion at higher injection pressure is therefore ex-
pected to feature a stronger premixed flame at the FLOL
and less soot formation later on. The OH contours show
a generally similar trend. As indicated by the white trian-
gle outlines, moving closer to the injector the spray flame
must converge radially. On the inside, the radial extent
is controlled by limited availability of oxygen and reduced
temperatures in the vicinity of the liquid length. The out-
side is ultimately limited by the maximum radial extent
of the spray as detected in Schlieren measurements due
to the longer lifetime and additional source terms such as
dissociation of HyO, as discussed previously. A decreased
thickness of the OH branch in radial direction is observed
as well for lower injection pressures, which might be re-
lated either to the radial confinement of the spray while
moving upstream, or lower spray velocities with reduced
turbulence at low injection pressure. Compared to the
Spray A baseline, the presence of contours near the spray
axis increases for the downstream region of the flame struc-
ture with decreasing injection pressure. At the same time,
the OH branch below the spray axis becomes significantly
shorter. Based on the decreased amount of OH* with re-
spect to incandescent soot for these parameter variations,
it is expected that a similar polluting effect is taking place
for OH [14, 39]. This implies that the artifacts within the
flame structure originate from detection of fluctuations in
incandescence intensity which have not completely been
removed by the background subtraction.

Changing the ambient conditions results in a more sig-
nificant change in flame structure and FLOL. The decrease
of ambient oxygen concentration down to 13% increases
the FLOL and radial extent of the high-temperature prod-
ucts, all expected because of the reduced stoichiometric
mixture fraction. The effect of changes in ambient temper-
ature shows definite similarities with the effect of changes
in ambient oxygen concentration. However, compared to
a decreased ambient oxygen concentration of 13%, a de-
crease of ambient temperature down to 800 K reduces the
total amount of soot incandescence significantly, and now
the lobes in the FLOL region appear as high-intensity
regions with a significantly increased area. In spite of
the artifacts induced by the inverse Abel transformation,
chemiluminescence is certainly detected closer to the spray
axis. More importantly, the flame downstream of this large
FLOL appears not to follow the imposed divergence of the
jet spreading angle. Although not shown here, due to the
focus on the FLOL region, OH* chemiluminescence signal
in the 800 K case barely diverges until the head-vortex of
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the spray appears around 60 mm downstream. Spread-
ing angles from non-reacting Schlieren experiments show
negligible correlation with the ambient temperature [63].
A decreasing spreading angle downstream of the FLOL
indicates that there is a restriction imposed on the high-
temperature reactions by the ambient conditions, one pos-
sibility being that the mixture at the periphery does not
reach the required temperature anymore. Again, slightly
contrary to the expected radial increase of initial OH ap-
pearance due to the downstream movement of the FLOL
in the 800 K variation, the OH branches appear rela-
tively close to the spray axis, similar to what has been
observed for OH* chemiluminescence. Based on a well-
defined structure below the spray axis there is a decreased
amount of laser sheet attenuation in this case as well.
Taking both the reduced amount of attenuation and the
appearance of OH* chemiluminescence into account indi-
cates that the PLIF signal detected close to the spray axis
originates from ground state OH radicals. Other possible
sources for PLIF signal, apart from a more premixed type
of combustion in the central region of the spray, are tur-
bulent transport from the periphery, or the dissociation of
H,O.

The increases in ambient temperature and ambient oxy-
gen concentration show a very similar influence on the
structure of the spray flame, although the reaction zone
of the high-temperature case appears slightly thinner. An
increase in oxygen concentration requires less mixing to
attain a stoichiometric mixture fraction, while the fuel-air
mixture reaches the required ignition conditions sooner for
a higher ambient temperature. Both parameter changes
lead to a more reactive mixture, so that the conditions
required for auto-ignition are met closer to the nozzle.
Therefore, the FLOL decreases and the flame becomes nar-
rower, the latter just because closer to the nozzle the jet is
narrower, as indicated by the triangle outlines. Similar to
the reduction in injection pressure, the relative intensities
of the FLOL region (due to OH*) and the soot lobes fur-
ther downstream appear closer to one another and there-
fore cannot really be distinguished. An apparent asymme-
try in the fluorescence contour along the upper and lower
lobes of the OH distributions can also be observed. The
length of the upper lobe increases in the upstream direc-
tion due to the decreasing FLOL if either the O5 concentra-
tion or ambient temperature is increased, whereas that of
the lower lobe decreases in the downstream region. Given
that also the soot luminosity moves upstream for these
parameter variations, the most likely explanation for this
asymmetry is to be found in attenuation of laser light by
the central portion of the jet. Since the low soot condi-
tions both show a decreased amount of attenuation, it is
expected that PAH and soot are primarily responsible on
this account.

Due to the inverse Abel transformation, the line-of-
sight data is transformed into spatially resolved data; there-
fore, the intensity distribution in the images changes. It
is such images that can be compared to numerical calcu-



lations. For future comparisons, it is recommended to in-
clude OH* mechanisms in models and to compare forward
Abel transformed modelling results to experimental OH*
results (or the other way around, as shown in this work).
For such comparisons, OH* results are preferred over OH
PLIF recordings since the show good correspondence, but
do not suffer from laser energy dependencies.
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Figure 10: Radially integrated OH* intensity contours obtained at
TU/e for different injection pressures. The contours represent loca-
tions with the same intensity as the FLOL, similar to Figure 3.

The effect of variation of injection pressure was studied
at TU/e using the high-speed approach, which allows to
construct I,; plots for these cases. The contours for the
variations in injection pressure, determined as for Figure 3,
are illustrated in Figure 10. Concerning the flame pene-
tration and FLOL, there is only a small difference between
100 and 150 MPa injection pressure, whereas at 50 MPa
the FLOL is smaller and the relative flame penetration
is shorter. Injection pressure variations may give rise to
slight differences in injection duration and needle closing
behavior, which can be observed around 4 ms aSOI. How-
ever, when we study the trailing edge of the flame after
the EOI, there is an essentially linear decrease in burn-out
flame speed with decreasing injection pressure. This de-
pendence of the entrainment wave on injection pressure is
clearly observed in the burn-out phase, and is in agreement
with predictions from the 1D spray model [42]. Increasing
duration of the burnout phase implies extended time re-
quired for soot oxidation. For the two injection pressure
variations, the combustion recession phenomenon is more
clearly captured with these contours. Since the threshold
for the contours are based on the intensity at the FLOL,
this sensitivity can be explained by the decreased inten-
sity at the FLOL with respect to the soot cloud down-
stream, as observed in Figure 9. Another phenomenon is
observed for the initial auto-ignition phase of the lowest
injection pressure. Where the higher injection pressures
seem to stabilize nearly instantly, there is a small decrease
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of the FLOL during the auto-ignition phase for the case of
50 MPa.

4.2.2. Low-temperature reaction zones

Parameter studies involving the ambient oxygen con-
centration and ambient temperature during the quasi-steady
phase of the spray, were carried out at IFPEn using CH,O
PLIF, equivalent to those discussed above for OH* and
OH PLIF. At Sandia, the influence of ambient temper-
ature was studied as well, providing one supplementary
low temperature variation and an additional condition to
check consistency of the results apart from the Spray A
baseline. The temperature variation recordings obtained
by Sandia are single shot recordings.

Results for CH,O are collected in Figure 11, using the
green color channel. Similar to Figure 6, red is used for
OH PLIF (when available), and the white contour shows
the outline of OH* chemiluminescence. Green and red ar-
rowheads in the top of the figure represent the correspond-
ing laser sheet limits. The red arrowheads at the location
with the maximum intensity at the FLOL from Figure 9
are reproduced for the results of IFPEn. Individual re-
gions contributing to the signal detection upon excitation
at a wavelength of 355 nm have been identified by white
brackets. In principle, the upstream region is identified
as formaldehyde fluorescence, in some cases preceded by
light scattering off the liquid fuel. Further downstream
the signal is expected to be dominated by PAH fluores-
cence. A justification for this interpretation can be found
in the analysis of (time-resolved) CH20 discussed above,
and the OH* chemiluminescence contours. At the location
of the FLOL there has not been time, or adequate mixture
temperature for soot formation. Only further downstream
significant soot luminosity is observed. Fuel is expected to
be partly pyrolysed in the region in between, and this is
where formaldehyde is expected to be formed, and further
downstream followed by growing PAHs. Moreover, CHyO
is expected to be confined to the spray axis, where little
oxygen is available.

Looking at the Os concentration sweep, the regions
of formaldehyde and PAH can clearly be identified in the
low-oxygen image (13% Os). Although not reproduced
here, the formaldehyde structure follows the radial expan-
sion bound by the spray cones illustrated in Figure 9, by
the confinement between the OH branches. On increasing
the oxygen concentration, the PAH region becomes more
prevalent and moves upstream, overlapping with the re-
gion where formaldehyde fluorescence would be expected;
in the bottom image (21% Oz) the two are hardly distin-
guishable. Although visible, the CH5O signal is relatively
low in a more narrow region near the spray axis, although
still more prevalent at the location where OH arises. Re-
ported values for the liquid penetration of the Spray A
baseline reach up to 12 mm downstream of the injector
orifice [2-4]. Therefore, it is hard to distinguish between
the formaldehyde structure and light scattering off the lig-
uid fuel as well.
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Figure 11: The effect of ambient oxygen concentration and ambient temperature on the results of formaldehyde and PAH fluorescence in
green, studied by IFPEn and Sandia. The red color channel is used for OH PLIF results when available, and the white contour depicts the
OH™* outline, similar to Figure 6. IFPEn images were recorded at 4700 us after SOI, Sandia images at a time of 2700 us; both are in the
quasi-steady stage of the spray. Sandia images at 750 K and 800 K ambient temperature are recorded for a single experiment. Some weak
diffuse signal outside the laser sheet and jet boundaries is observed for most variations by IFPEn, similar to Figure Figure 6. See text for

additional details.

Changing the mixture reactivity by varying the ambi-
ent gas temperature has a similar effect. At very low tem-
perature (750 K; Sandia) there is hardly any expectation
for soot precursors since centerline mixture fraction val-
ues at the location of the FLOL (>40 mm) have reached
near stoichiometric conditions [60]. At a distance rela-
tively far downstream we observe an irregular distribution
of formaldehyde, indicating locally igniting pockets of fuel
in hotter regions of the mixing layer at the jet periph-
ery. (Take note that this image is a single shot result.)
In the center of the spray, temperature is presumably too
low for first-stage ignition. At an ambient temperature of
800 K the formaldehyde distribution is located in the cen-
tral spray region, and a small cloud of soot precursors is
observed further downstream, though the intensity in this
region for the results of Sandia have been increased with
a factor three to clearly identify PAH, illustrated by the
dashed white rectangle. In the IFPEn results at 800 K,
OH and formaldehyde signal appear closer to one another
compared the other conditions. Note that there was no
significant overlap for the single-shot result displayed in
Figure 6. As these results are again ensemble averaged,
this is the result of turbulent air entrainment followed by
more locally igniting pockets. Upon increasing the tem-
perature further, the PAH fluorescence increases relative
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to that of formaldehyde, and it grows upstream, until at
1000 K the two contributions can hardly be separated any
more. Similar to the highest oxygen concentration case,
formaldehyde is found in a confined region in the vicinity
of the FLOL.

Comparing the structures in the images of IFPEn and
Sandia at an ambient temperature of 800 K shows some
minor deviations, although it has been shown that these
conditions are more prone to fluctuations. The formalde-
hyde signal obtained by Sandia appears to start slightly
upstream compared to the image of IFPEn, but the ra-
dial distribution is very similar. The PAH fluorescence
indicated by the downstream bracket starts at a similar
downstream location for both images. Note that on top of
the relative signal intensities, a small deviation in ambi-
ent temperature already changes the appearance of CHo,O
and PAH significantly at these low temperature variations,
substantiated by the result of 750 K.

When the regions of PAH fluorescence are compared
with detection of OH PLIF above and below the spray axis
in Figure 11, the relation between soot precursors and laser
sheet attenuation is further confirmed. The conditions
where PAH fluorescence is dominant, correspond with a
large amount of laser sheet attenuation in the OH PLIF re-

sults. Similarly, attenuation is less prominent when formalde-



hyde structures are prevailing. When both OH and CH,0O
PLIF are used, attenuation in the OH signal can aid in the
identification of formaldehyde. As observed in the analy-
sis of the Spray A baseline case, the red arrowheads from
Figure 9 are found in the vicinity of the maximum radial
width of the formaldehyde signal for all the parametric
variations performed by IFPEn.

5. Summary and conclusions

Using the dedicated constant-volume spray combus-
tion facilities of participants in the ECN, the quasi-steady
and transient flame structures under Spray A conditions
and parametric variations thereof have been studied. The
chemical species involved include the ground state OH rad-
ical and the low-temperature flame product CH20 (using
PLIF) and the excited OH* radical (using spontaneous
chemiluminescence). Both spontaneous and laser-induced
soot luminosity and PAH fluorescence contribute to the
measurements as well. Achieving well-defined, well-known
and reproducible conditions, experimental results are com-
pared among institutes and as a function of the parametric
variations. The main findings from this study include:

e The results of nominally identical experiments at
TU/e, IFPEn and Sandia show good agreement at
the Spray A baseline condition for all different diag-
nostic techniques which have been employed to char-
acterize the flame structures. The small remaining
differences between the obtained results have been
ascribed to the differences in detection equipment
and timing, apart from the spread in thermodynamic
conditions. The results are consistent and lend confi-

dence to the subsequent comparisons of time-dependent

results and the parametric studies performed by in-
dividual participating institutes.

e Transient flame structures of the Spray A baseline
have been characterized using a high-speed imaging
approach for chemiluminescence and various timings
for single-shot techniques. The results obtained dur-
ing these initial stages are more susceptible to the
different approaches to achieve the desired bound-
ary conditions, as partly described in previous work
[2-4]. In this analysis we identified the auto-ignition,
combustion recession after the end of injection, in-
creased velocities of the luminous zone in the burn-
out phase, and reproducible, high-intensity streaks
traveling downstream. The increased velocity in the
burn-out phase can be ascribed to the entrainment
wave after the EOI, and there is evidence that the
high-intensity streaks reflect similar and consistent
large-scale structures of soot-burnout during injec-
tion.

e Comparing the results obtained by the different di-
agnostic techniques and additional spray properties
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which were available by the ECN have aided in the
interpretation and description of the low tempera-
ture flame structures of the quasi-steady Spray A
flame. We identify regions of formaldehyde forma-
tion downstream of the liquid length in fuel-rich re-

gions with sufficient entrainment of the high-temperature

ambient. Subsequently we describe the consumption
adjacent to the diffusion flame characterized by the
presence of OH and OH* at the periphery, and the
mixing and interaction with reactants when moving
radially inward.

Evident differences in flame structure have been ob-
served, depending on whether OH* chemilumines-
cence or (ground state) OH PLIF is used for visual-
ization. OH* is found slightly upstream of the earli-
est evidence of OH, but the distribution of the latter
extends to a larger radial distance from the spray
axis. This is consistent with the view that OH* is
a reaction-zone chemistry product, with a lifetime
ultimately limited by the spontaneous emission rate,
whereas OH is longer lived and in partial equilibrium
with the water formed during combustion.

By studying inverse Abel transformed OH* chemilu-
minescence and OH PLIF of reacting fuel sprays, we
have illustrated general trends and shown qualitative
influences of variations in injection pressure, ambi-
ent oxygen concentration and ambient temperature
on the flame structure. There is good agreement
between the results of both diagnostic techniques,
and peculiarities in OH signal are related to soot
incandescence for the lower injection pressure vari-
ations. The reduced amount of OH PLIF signal in
the lower branch of parametric variations is related
to increasing amounts of PAH and incandescence, in-
creasing the optical thickness in the central region of
the spray.

For future comparison to experimental flame struc-
ture, it is recommended to include OH* kinetic mech-
anisms in numerical simulations. By transforming
either line-of-sight experimental results into planar
images, or numerical results to line-of-sight data, rel-
ative OH* intensity and concentrations can poten-
tially be compared.

Another important finding from high-temperature
reaction zones includes the general analogy with a
specific spray cone for all the variations studied in
this work. Variations which increase the reactivity
of the mixture, shift the FLOL location upstream
along the spray cone, which narrows the radial ex-
tent simultaneously.

Using general trends and the known location of the
FLOL, the formaldehyde structure has been identi-
fied for conditions at which its presence is difficult to



detect. For an increase in reactivity, the formalde-
hyde structure is compressed in the axial and radial
direction while moving upstream within the spray
cone. The reduced area in which formaldehyde can
be expected eventually prevents proper distinction
with the light scattered of liquid fuel, or PAH fluo-
rescence.

e The ambient temperature variation of 800 K has
proven to be an interesting case, especially down-
stream of the FLOL region. Upstream of the large
FLOL region with a relatively high intensity of chemi-
luminescence, the structure follows the analogy with
a spray cone as discussed above. Downstream of
the FLOL, however, the radial extent of the high-
temperature reactions appears limited and there is
some evidence of high temperature reactions near the
spray axis. Downstream of the FLOL, there is a defi-
nite separation between CHO and PAH, which pro-
vides opportunities to study chemical species within
this transition, opposed to the limitations observed
by increasing reactivity of the mixture.
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