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Abstract

In this paper, lift-off length has been measured via both broadband luminosity and OH chemi-
luminescence. In addition, ignition delay has also been measured via broadband chemilumi-
nescence and Schlieren imaging. A 3 orifice injector from the Engine Combustion Network
(ECN) set, referred to as Spray B, and a single component fuel (n-dodecane) was used. Ex-
periments were carried out in a constant flow and pressure facility, that allowed to repro-
duce engine-like thermodynamic conditions, and enabled the study to be performed over a
wide range of test conditions with a very high repetition rate. Data obtained was also com-
pared with results from a single orifice injector also from the Engine Combustion Network,
with analog orifice characteristics (90 micrometer outlet diameter and convergent shape) and
technology as the injector used . Results showed that there is good correlation between the
ignition delay measured through both methodologies, that oxygen concentration and injec-
tion pressure plays a minor role in the ignition delay, being ambient temperature and density
the parameters with the highest influence. Lift-off length measurements showed significant
differences between methodologies. Minor deviation was observed between injectors with
different nozzle geometry (seat inclination angle), due to temperature variations along the
chamber, highlighting the importance of temperature distribution along combustion vessels.
Empirical correlations for lift-off and ignition delay were calculated, underlining the effect of
the conditions on the parameters studied. Coefficients of the correlations were compared with
results for the single orifice injector, this showed that variations of test conditions have the
same impact on ignition delay and lift-off length regardless the nozzle orifice configuration.

Keywords: Diesel injection, Ignition, Lift-off length, Schlieren

1. Introduction

Pollutant emissions have been a major concern for diesel engines for over a decade. Driven by
climate change and environmental effects, stricter emission regulations push the engine de-
signers to look for solutions to build cleaner engines. Many studies have shown that optimized
mixing of the injected fuel with the ambient gases was key to reducing pollutant emissions [1-
3]. Although Computational Fluid Dynamic (CFD) simulation results are of great help when
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designing thermal engines [4-6]], experimental data are crucial not only to validate these mod-
els, but also to define the boundary conditions of the problem. One particularly interesting
aspect is the difference in flow and combustion for sprays interacting with one another or in
isolation [7]]. A few studies have been carried out to compare different spray spacing (8| 9]
or the differences between multi- and single-hole nozzles [10]. The former studies have been
performed in an optical engine, while the latter was done in an optically accessible vessel. The
level of detail achieved by the investigation from Jung et al. [10] goes well beyond what the
Chartier’s and Lequien’s group has been able to extract. For instance, the quiescent and nearly
constant conditions in the spray chamber allowed the authors to understand the detailed ef-
fects of low-lift needle motion on spray opening and evaporation. The authors suggested that
these observations should impact global mixing and combustion processes under reacting con-
ditions.

Optically accessible vessels with high-pressure and temperature capabilities are necessary
tools to study the development and combustion processes of fuel sprays into ambient con-
ditions relevant to thermal engines. The Engine Combustion Network (ECN) is an interna-
tional collaboration group whose objective is to establish a library of reliable experimental
data appropriate for model validation, and to leverage the scientific understanding of spray
combustion at engine relevant conditions [11]]. For this purpose, the experimentalists use state-
of-the-art optically accessible chambers in which nominally identical injectors are mounted
to generate sprays under tightly controlled conditions [12} [13]. As part of the scope of re-
search, the ECN uses single and multi-hole injectors with nominally identical specifications
[14]. The study by Jung et al. [10] mentioned earlier compared the multiple and single orifice
injectors from the ECN in an optically accessible vessel under inert, evaporative conditions.
Yet, a follow-up study remains to be performed where the same conditions are analyzed under
reacting conditions, in order to confirm the expectations based on the non-reacting tests.

In this work, a three hole injector (Spray B) from the ECN was used. This injector has a
particularity as the three holes are not equally spaced, so that one of the orifice would be more
isolated from the others to offer better optical access. A similar injector, featuring an axially-
drilled orifice (Spray A), and also from the ECN, has been used as comparison to the three-hole
version. The geometry and characteristics of both these injectors are well known and available
on the ECN website [11]]. Because of the relative simplicity of Spray A (single-hole), highly de-
tailed experiments have been performed on this injector and spray system, but the geometry
of Spray B comes closer to the multi-hole injectors found in production engines, thus driv-
ing significant interest from experimental and numerical researchers. The sprays have been
injected in a high-pressure and high-temperature constant-pressure flow facility (CPF). This
facility allows performing experimental studies simulating the conditions found in the com-
bustion chamber of current compression ignition engines in terms of temperature, pressure
or oxygen concentration. The tests performed in this study focused primarily on measuring
the ignition delay and the flame lift-off length under a range of conditions. The parametric
variation carried out in this study concerned chamber pressure (gas density), gas temperature,
ambient oxygen concentration and fuel injection pressure. Several optical diagnostics have
been used to measure ignition delay and lift-off length: Ignition delay detected by high-speed
broadband flame chemiluminescence, as well as with high-speed schlieren imaging. Quasi-
steady lift-off length was measured via OH-chemiluminescence with an intensified camera,
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Nomenclature
Apin; Fuel pressure drop in nozzle orifice CFD Computational Fluid Dynamics
Ay Total intensity increment CPF Constant-pressure flow (facility)
Pamb Ambient density CWL Center wavelength
Pfuel Fuel density D, Orifice diameter
Dinj Injection pressure ET Energizing time
T Ambient Temperature
. . ID Ignition delay
Y Total intensity
k-factor  Nozzle orifice conicity factor LOL Lift-off length
A, a, b, c,d Empirical correlations parameters 02% Ambient oxygen concentration
ASOE After start of energizing SoC Start of combustion
ASOI After start of injection SSI Second stage ignition

while time-resolved flame stabilization was measured with a high-speed camera acquiring
broadband flame luminosity.

This paper has been divided into four sections. Following this introduction, the experi-
mental facilities are detailed, along with descriptions of the optical setups and experimental
methods used in this work. The results are presented next, with the comparisons to the single-
orifice from the ECN. The results are discussed in this same section, and correlations are pro-
posed to predict ignition delay and lift-off length with the three hole nozzle, compared to the
correlation coefficients from the single orifice experimental results. Finally, the last section
presents the conclusions of this study.

2. Experimental setup and procedures

The following section briefly presents the experimental chamber and injection equipment used
to carry out the experiments, followed by the test matrix, where test conditions are summa-
rized, concluding with the optical setup and image processing methodology employed.

2.1. Spray chamber and injection system

According to the convention used by Baert et al. [15]], an optically accessible constant-pressure
flow (CPF) test chamber was used. This chamber is not only able to reproduce the ther-
modynamic conditions of a Diesel engine, but also, compared to other high-pressure high-
temperature vessels [15H17], has the unique feature of presenting nearly quiescent and steady
thermodynamic conditions within the chamber, allowing to test wide range of conditions and
multiple repetitions without the penalty of long testing periods [12] 13]].

The facility can be divided into four parts: compressors, heaters, test vessel and control
system. High pressure gas, stored in reservoirs, enters the chambers through a 30kW electric
heating system, rising the temperature to the desired level. Then the hot gases exit the vessel
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and are cooled to be recirculated to the compressors or thrown to the atmosphere. When
recirculating the gases, its possible to control the oxygen concentration in the test section.
The control system is a closed loop PID that adjusts both the pressure in the chamber, and the
power output of the heaters. To reduce temperature differences within the test chamber, the
vessel has a double wall configuration: the external wall acts purely as a structural element,
while the inner wall is thinner and its surrounded with an insulation layer, to avoid heat loss
towards the outer shell.

The injector utilized for the experiments is part of the ECN dataset (ref: #0211200). The
internal geometry and hydraulic characteristics have been thoroughly investigated and can
be found on the ECN web page [11]]. Following the ECN guidelines, a single component fuel
(n-Dodecane) was used.

The injection system employed consists of commercial available components: high pres-
sure volumetric Bosch CP3 pump driven by an electric motor and a common rail with pressure
regulator controlled by a PID system. The injector is connected to the common rail with a high
pressure line, and inserted in the vessel through a holder that has a continuous flow of ethy-
lene glycol running in a parallel circuit, the fluid’s temperature in set to keep the injector’s
nozzle tip temperature constant [18]].

2.2. Test matrix

Test conditions are summarized in Table [1] It includes Spray A target condition (7" = 900 K,
Pamp = 22.8 kg/m?’, Pin; = 150 MPa, Oy = 15%) as well as parametric variations following the
ECN recommendations [11] with additional ambient conditions.

Table 1: Test conditions.

Parameter Values Units
Fuel n-Dodecane -
Nominal orifice diameter (D,) 90 pm
k-factor 1.5 -
Energizing time 2.5 ms
Tip temperature 363 K

Gas density (pamp) 7.6*-15.2*-22.8 kg/m?
Gas temperature (1) 800-820"*-900 K
Injection pressure (p;,;) 50-100-150 MPa

Oxygen concentration (02%)  13-15-17-19-21  %(vol.)

* Only for 21% oxygen concentration and 900 K.
** Only for 15% and 21% oxygen concentration.

2.3. Ignition delay

During the Diesel combustion, there are certain chemical reactions that produce molecules
(radicals) in an excited state. These radicals may go to more stable energetic levels, emitting
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light during this process. This phenomenon (chemiluminescence) can be used for the determi-
nation of Diesel ignition. Dec and Espey [19] showed that CH radicals are excellent markers
for the characterization of the first phase Diesel combustion (cool flame), and that second stage
ignition (SSI) can be characterized by the appearance of OH radicals. Accordingly, ignition de-
lay is typically defined as the time between the start of injection and second stage ignition.
Different methodologies have been presented [20-22] in order to avoid the use of intensified
ICCD cameras to detect ignition delay. Two different methods using high speed cameras have
been employed in this study: Broadband chemiluminescence [13]] and Schlieren imaging [20].

Details about the optical setups are presented in Table

Table 2: Detailed optical setups.

Schlieren Broadband OH"
imaging chemilum. chemilum.
Camera Phantom - V 12 Photron SA-X2 Andor -iStar
Sensor type CMOS CMOS ICCD
Lens 100 mm 100 mm 100 mm - UV.
Diaphragm 4 mm - -
Filter <600 nm <600 nm 305-315 nm CWL
Frame rate 105.6 kfps 55 kfps 1 frarge/
Injection
Shutter time 2 us 0.37-1.25 us* 2.5 ms
Repetitions 10 10 10
Pixel-mm 6.7 7.0 8.9

*Exposure was set to lower value only when saturation was too high.

2.3.1. Schlieren imaging

Schlieren imaging relies on the deviation of light rays from their original paths conse-
quence of them traveling through a non uniform medium [23], in this case a Diesel spray
injected in a hot atmosphere. Density gradients between fuel and ambient gases allow the
Schlieren technique to detect the boundary of the spray, and by studying the variation of the
intensity withing that spray boundary (in pixel counts) it is possible to determine the ignition
delay [20]. The Schlieren setup, presented in Fig. (1} is thoroughly described by Pastor et al.
[24], consists of a point light source (2 mm) located at the focal distance of a parabolic mir-
ror (610 mm), with an incident angle minimized in order to reduce beam straightening, the
light source used is a white-light 150 W halogen lamp. The now parallel light beams, colored
yellow in the Fig. |1} travel trough the testing section, gathering the information of the spray
in meanings of deviation caused by density gradients. This deviated light (colored orange) is
then collected by a 150 mm lens with a focal distance of 450 mm, where a diaphragm with a
cut-off diameter of 4 mm is located. To reduce luminosity from combustion, a bandpass filter
of <600 nm was used. Details of the optical setup used are presented in Table

To obtain ignition delay from the Schlieren imaging, the same approach used by Benajes
et al. [20] was used. The processing methodology is briefly explained below:
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Fig. 1: Optical setup used. Photron SA-X2 for broadband chemiluminescence. Andor iStar ICCD camera equipped
with 310 nm center wavelength (CWL) filter for quasi-steady LOL. Phantom - V12 for schlieren imaging.

« Background correction: Images acquired tend to have a characteristic background pat-
tern (Fig. [2), due to the temperature (i.e. density) inhomogeneities in the test section.
Although this background is moving because of the continuous flow (CPF facility), be-
tween two consecutive images it can considered steady, due to the differences between
flow and spray velocities. Background correction is applied by subtracting pixels that
were not within spray boundaries in the previous image.

« Spray boundaries: Following the methodology described by Siebers [[16], to obtain spray
boundaries binarization threshold is defined as 5% of the dynamic range for each image.

« Total intensity (y): Defined as the sum of the counts pixels that are part of the spray.

« Total intensity increment (Ay): Obtained by tracing the difference of the total intensity
(y) between two consequent images. Analyzing the total intensity increment signal (Ay),
for example as presented in the left graph of Fig. [3| it is possible to obtain parameters
such as start of cool flame, or first stage ignition due to the disappearance effect, followed
by second stage ignition (SSI) as a local maximum right after first stage ignition, because
of the rapid expansion and darkening of the spray as can be observed in Fig.

For a more detailed information on the processing, please refer to [20]].

2.3.2. Broadband chemiluminescence ID

As stated before, combustion produces light by the process of chemiluminescence. This
light can be seen and recorded as a signal through time, and because this phenomenon is di-
rectly related to combustion, there is a link between chemiluminescence and ignition delay
[21]]. Using a high-speed camera (Photron SA-X2), equipped with a Zeiss 100 mm lens, broad-
band chemiluminescence was observed through the frontal window of the test section, as seen
in Fig. |1l An example of the images obtain through this setup are presented in the right part of
Fig. 2| the histogram of intensity has been stretched to ease the visualization of ignition. Pre-
vious setups by other authors [13]20] used long shutter times, increasing the sensitivity of the
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570 us }m‘

Fig. 2: Ignition sequence seen by Schlieren images (left) and broadband chemiluminescence (right), please note
different time scales, both after start of energinzing (ASOE). The arrow on the top left corner of each image
correspond to the direction in which the spray of the orifice of interest is traveling. Circle symbolize injector’s
tip location. (T" = 900 K, pamp = 22.8 kg/m?, 02% = 21%, p;pj = 150 MPa).

camera and allowing to record minor variations in light emissions. But this created a problem
to measure broadband lift-off length in the same injection event, because too much saturation
was observed caused by the light emitted from the flames of the 3 sprays and reflections on
the background, thus a low shutter time was used, as can be seen in Table

Because of a short shutter time, a minor modification was done to the processing of the
images. Originally, as explained by Lillo et al. [21]], a region of interest near the expected
lift-off length (or far from soot luminosity) is virtually drawn. Then the maximum intensity
in this region is traced per time step (for each image). Lastly, following ECN guidelines [11]],
ignition delay is the time of the image with 50% of the intensity of high temperature chemi-
luminescence. In this case, because the camera was setup to be less sensitive to light, ignition
delay is defined as the time when the intensity of the image was above a very small threshold
(0.6°% of the maximum digital level, just above background noise). The right side of Fig.
represents the maximum intensity recorded as a function of time for several repetitions.

100 : 400 C
@ | — — - Calculated ID | | ——- Calculated ID| |%y %
S, |-*- * 3%
= 80 @ *
g S, 300 | g% 4
< = | *
£ 60 2 X e
o 2
S £ 200 | % %%
£ > :ﬁ
2 40 5 |¥ * ¥
2 2
15 € 100 »
% 20 3 e ¥
g £
- [ e denenenemmnunll
0 0
0 0.5 1 1.5 0 0.1 0.2 0.3 0.4
Time ASOI [ms] Time ASOI [ms]

Fig. 3: Example of the processing for Schlieren imaging (left) and for ignition delay broadband chemilumines-
cence (right). On the left is the symmetric derivative [25] of the total intensity y of the spray is presented. On
the right is the luminosity intensity for broadband where each color represents a repetition. Black dashed line is
the ignition delay for each plot. (T' = 900 K, pamp = 22.8 kg/m?3, 02% = 21%, Dinj = 150 MPa).
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2.4. Lift-off length

Flame lift-off is defined as the distance from the injector tip to the stabilized high-temperature
reaction zone, and plays an important role in the combustion and emission processes, being
an indicator of the time that fuel and air are mixing before reaching the combustion region
[26,27].

2.4.1. OH* chemiluminescence

OH* chemiluminescence is used to measured lift-off length because it is known to appear
under high temperature combustion [28]], but it was Higgins and Siebers [29] who first mea-
sured LOL using an intensified cameras fitted with an interferometric filter, concluding that
OH* was a good indicator to measure the lift-off length. As seen in Fig. [2 an ICCD Andor
iStar camera fitted with a 100 mm {/2.9 UV lens equipped with a 310 +5 nm CWL filter is
used, following the ECN standard methodology [11} 26]. A constant intensifier gating time
between 2.0 and 4.5 ms was used, in order to capture an average image of the injection event
and reduce shot-to-shot deviation. Post-processing was done using the Siebers and Higgins
approach [26]. After filtering the image with a 3 x 3 pixel mean filter, the flame is divided
through its axis into a top and bottom profiles, for each axial position the maximum intensity
is traced as shown in Fig. [4] The lift-off length is the averaging of the distances between nozzle
tip and the first value above 50% of the intensity peak for each profile.

4
w10
2 . . .
———Lift-off Length Top flame profile .
Bottom flame profile
15H ———TopLOL
———Bottom LOL

Digital Level [cts]

=
o

0 10 20 a0 40 50 60 70 0 10 20 30 40 50 60 70
Axial Distance [mim] Aodal Distance [mm]

Fig. 4: Lift-off length by OH* chemiluminescence. Left: sample image from the ICCD Andor iStar, dashed blue
line represents the LOL with a 50% thresold. Right: intensity profiles for both top (blue) and bottom (red) portions
of the flame, dashed lines of the same colors correspond to LOL measured with a 50% of the intensity peak. (1" =
900 K, pamp = 22.8 kg/m3, 02% = 21%, pin; = 150 MPa).

2.4.2. Broadband chemiluminescence LOL

As with ignition delay, it is possible to measure the lift-off length with broadband chemi-
luminescence of the flame. As seen by Dec and Espey [19], OH”* chemiluminescence has its
maximum intensity for a wavelength of 310 nm, whereas soot emission is above 340 nm. There-
fore, in broadband imaging the most predominant light recorded is the one radiated by soot,
and as explained in the literature [19, 30] soot is present in downstream portions of the jet
under most Diesel conditions. To avoid confusion and minimize this difference, lift-off length
was defined as the distance between the orifice exit and the first pixel with an intensity above
a relatively low intensity threshold (3.5% of the digital level) just above background noise and
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flare. To prevent liquid scattering from affecting the measurement, an offset was defined, so
only the region downstream of the maximum liquid penetration was taken into account dur-
ing the processing. In order to obtain a single value, the time-resolved LOL measurements
were averaged between 3 and 4 ms after start of injection (ASOI), which corresponded to the
period during which the flame was stable across the different conditions.

3. Results and discussion

In this section, all results obtained are presented, effect of tested conditions on the parameters
studied are discussed, also including differences observed between the single orifice nozzle
and the injector used. Additionally, due to the wide range of conditions tested, empirical
correlations that relate the impact of tested conditions on these parameters are calculated and
also compared with the single orifice nozzle.

3.1. Ignition delay

In order to help understand the influence of the parametric variations in the ignition delay, first
a comparison of the two methods used is presented, following only by the results of the delay
obtained with broadband chemiluminescence (density variations were only recorded through
this methodology). Fig. |5/ shows all the ignition delays calculated for all conditions tested,
Note that color gradients correspond injection pressure variations, being the darkest color 150
MPa and the lightest 50 MPa. Some considerations can be made:

+ High temperature conditions (900 K) showed excellent agreement between methodolo-
gies.

« Ignition delays obtained through Schlieren imaging tend to be higher than those from
broadband chemiluminescence. This is due to the fact that the processing methodology
used in broadband ID is sensitive to light emission from the flame, on the other hand,
Schlieren depends on the intensity of the pixels and its variations, as explained before.

« When reaction occurred rapidly (for example, high temperature conditions), results
showed better agreement. So the sensitivity of the broadband processing had a minor
effect for shorter ignition delays. On the other hand, with higher delays, as light was
captured by the broadband camera in a very early stage of the start of ignition, Schlieren
methodology needs the combustion to occur and the spray to expand, in other words,
needs the whole phenomenon of disappearance/re-appearance to occur, and at lower
temperature this process is slower so the processing lags compared to broadband in de-
tecting the ignition delay. So reaction rate plays an important role in the differences
obtained for higher ignition delays.

+ Both methodologies capture second stage ignition in different ways, so differences are
expected. Still results are in very good agreement for conditions tested, although is
not clear whether good agreement will continue for higher ignition delays (i.e. lower
temperatures).
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Fig. 5: Ignition delay results for all conditions tested. Horizontal axis correspond to Schlieren imaging and
vertical axis to broadband chemiluminescence. Left plot corresponds to variations of oxygen concentration,
while the right plot to injection pressures. Black solid line represents y = .

3.1.1. Impact of operating conditions on ignition delay

Experimental results by multiple authors [27, 29, 31-34] have shown the effect of oxy-
gen concentration, ambient temperature, density and injection pressure on ignition delay. As
theoretically explained by Petrucci et al. [35]], increasing oxygen concentration and ambient
temperature accelerate oxidation reactions, resulting in a reduction in ignition delay. On the
other hand, injection pressure and ambient density play a significant role in the mixing pro-
cess, which is directly link to the time when combustion occurs. Experimental results have
shown that increasing chamber density and injection pressure resulted in a decrease of the
ignition delay.

Knowing that both methodologies showed very similar results, is possible to isolate how
parametric variations of ambient conditions affect ignition delay for this injector, as shown in
Fig. [l The left plot shows to that oxygen concentration and injection pressure play a minor
role on the ignition delay, ambient temperature being the most dominant factor. On the right
plot of Fig. [¢] although density variation was only studied for a fixed oxygen concentration
and only one ambient temperature, it can be observed that plays an important role, because
moving from 7.6 to 22.8 kg/m? the ignition delay was reduced by almost 40%.

ob o : AU — T=800K n ob o L X p/‘nj=50MPa
: : : — T=820K : : _
— T=900K : O Pyp=100MPa
X pjnj= 50 MPa + pfnj= 150 MPa
31'5 ..................................... @) pin/=1OOMPa-71'5- ............................ ...........................
£ % + pl.n/.=15OMPa E %
3 ok 3 5
b2 1 .................. Q ,,,,,,,,,, @ ......... Q ........... X - < 1_ .............................. .............................
2 Q ® |° 3
® 3
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é (p X : X
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Fig. 6: Effect of ambient conditions on ignition delay. On the left the effects of oxygen concentration, temperature
and injection pressure is shown. On the right the effect of density.
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3.2. Lift-off Length

Following the procedure previously described, a comparison between the OH* and broadband
chemiluminescence imaging methodologies used is first presented, in order to discuss each
method. Then, to observe the effect of parametric variations of ambient conditions on the
lift-off length, only the results of OH* chemiluminescence will be used, being the standard
methodology of the ECN and the most widely used technique. In Fig. [7|results of both imaging
setups are presented, the horizontal axis corresponds to OH* chemiluminescence, and vertical
axis is broadband chemiluminescence, with solid black line which correspond to y = . From
the figure, some observations can be made:

« Trend showed that broadband LOL is mostly higher than OH* chemiluminescence LOL.
This is because broadband imaging captures mostly the light emitted by soot, and as
stated before, soot is present in downstream portions of the jet, so only for conditions
where OH* chemiluminescence and soot luminosity occur near the same region, results
would agree, probably under ambient temperatures above the ones tested. This same
effect was observed also by Bazyn and Koci [36].

+ OH" chemiluminescence imaging is a widely proven methodology for measuring lift-off,
so the lach of agreement in the results can be mostly attributed to broadband chemilu-
minescence imaging, as sensitivity plays a major role. Nonetheless, this type of imaging
it still useful to study a time resolved lift-off length, although new methodologies like
intensified high speed cameras are recommended for future experiments.

+ To study the effect of parametric ambient conditions on lift-off length, OH* chemilumi-
nescence imaging is used, because of the reasons stated before.
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Fig. 7: Lift-off measurements for all conditions tested. Horizontal axis correspond to OH* imaging and vertical
axis to broadband chemiluminescence. Left plot corresponds to variations of oxygen concentration, while the
right plot to injection pressures. Black solid line represents y = .

3.2.1. Impact of operating conditions on lift-off length

It was previously said that lift-off is a good indicator of how well air and fuel are mixed be-
fore combustion. As others authors have described in their results [27, 29} 37, [38]], increasing
density, ambient temperature and oxygen concentration will reduce lift-off length, because
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they improve evaporation and mixing. On the other hand, increasing injection pressure cor-
respond in an increment in spray velocity, and as describe by Peters [39], lift-off is the region
where the stabilization between of jet velocity and flame front speed occurs, so lift-off length
increases, this effect has also been observed experimentally [20} 26]].

In Fig. (8 is possible to observe how test conditions affect lift-off length. LOL is plotted
against different oxygen concentrations, colors and symbols correspond to variations in tem-
perature and injection pressure, respectively. In addition, two images (A and B) are also pre-
sented to compare flame uniformity for different conditions. From the results, its possible to
observe that at low ambient temperature and oxygen concentrations, injection pressure seems
to play a bigger role in the lift-off length. As expected, with increasing temperature and oxy-
gen concentration, lift-off length is reduced. Also at higher temperature, flame near LOL was
more uniform (see Fig. 8] images A and B) and showed less deviation through each repetition,
this was also true with increasing oxygen concentration as well.
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Fig. 8: Effect of ambient conditions on ignition lift-off length, but constant density of 22.8 kg/m?.

3.2.2. Time dependent lift-off

As seen in Fig. |7, OH" and broadband chemiluminescence lift-off measurements showed
significant deviation. Still, results from the latter methodology are useful to observe flame sta-
bility through time, and study how certain parameters play a role in its stabilization. In order
to measure a time-dependent lift-off length and to simplify comparison between conditions,
a rolling average procedure was used to obtain the mean values between repetitions for each
condition tested, following the methodology proposed by Payri et al [40]. Accordingly, in Fig.
[9 time dependent lift-off measured through broadband chemiluminescence is plotted. From
the two graphs, it is possible to conclude that at lower oxygen concentration and injection
pressure, flame propagation is slower once injection has ended (note the slope of the curve),
temperature seems not to affect this phenomenon. Because the mixture ignites in one or sev-
eral locations, transients at the beginning of the curve present different forms, but the general
trend is that lift-off gets closer to the injector, then is stable during the injection period, and
the flame propagates at a fixed rate (constant slope) once injection has ended.
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Fig. 9: Time dependant lift-off measured through broadband chemiluminescence for different ambient conditions,
but constant density of 22.8 kg/m?.

3.3. Comparison with single orifice nozzle

The results obtained with the 3-hole nozzle are comparable to the ones showed by Benajes et
al. [20] for the single hole, because both injectors are analog in technology and characteristics.
The Spray B injector was developed with the same orifice specifications as Spray A, in order to
understand how the internal geometry of a multi orifice injector affected spray development.
As stated before, all the data for both injectors can be found on the ECN website [11]].

1.6 T T T T T T T 35
50 MPa 50 MPa
1.4} 1 _ sof
12 100 MPa E 100 MPa
o — 25F
E 150 MPa o o 150 MPa
m 1f 1z
g 5 20}
&gos 1< «
5 o {5}
é 0.6} {8 ©
o Gt — T-800K || B 10} — T-800K |
0.4r & — T-900K [] & —— T-=900K
xX + 02=18%| = | + 02=13%]|
0.2f O 02=15% O 02=15%
X 02=21% X 02=21%
0 . . . . . : : 0 . . . . : :
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0 5 10 15 20 25 30 35
ID ASOI SprayA [ms] Lift—off length Spray A [mm]

Fig. 10: Ignition delay (left) and lift-off length (right) comparison between a single orifice (Spray A) and multi
orifice (Spray B) injectors. Color gradients correspond to injection pressure variations, lightest color is 50 MPa
going to the darkest color 150 MPa. Black solid line represents y = x.

In Fig. comparisons between the two injectors are presented, please note that only
common conditions are compared. On the left plot, Spray B shows shorter ignition delays
for most of the conditions. This can be attributed to the temperature differences across the
chamber, as the sprays do not penetrate in the same direction. The orifice of interest in Spray
B was pointing downwards towards a region of the chamber closer to the inlet, and as shown in
previous results, ambient temperature is a key factor in the development of the combustion,
although still the differences were very small. In the right part of the figure, lift-off length
results show a similar trend as ignition delay, Spray B showed shorter LOL in most of the
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conditions compared, but even though temperature plays a big role in the result of lift-off as
well, the differences between injectors was smaller than in the previous case. This can be
attributed to the fact that ignition delay is more related to fuel chemistry, on the other hand,
LOL is also driven by flame speed.

3.4. Statistical analysis

Thanks to the wide range of conditions tested it is possible to perform a statistical analysis
. Empirical correlations have been used by many researchers to describe the relationship be-
tween conditions and both ignition delay, reviews of these correlations are presented by Ramos
[41]] and Heywood [42]. For ignition delay, many authors have used derived versions of Ar-
rhenius equation, as his original equation only describes the dependency of reaction rates on
temperature, adding the influence of other parameters such as oxygen concentration [34} 38],
injection pressure [[18][32]43]], or density [20,27,34]. In accordance with the work of previous
authors, the following equation describing the dependency of ignition delay under changing
conditions is proposed:

A
ID o exp (T> * Pomb * Api’nj - O3y, )

Where ID correspond to ignition delay, 7" to ambient temperature, p,,,,, to ambient density,
Ap;r; is the fuel pressure drop through the nozzle’s orifice, estimated to be the difference
between injection and chamber pressure, and finally O is oxygen concentration. For lift-
off length, although Arrhenius-derived equations have also been widely used [27], in order
to compared the results of the coefficient of the approximation with the analog single orifice
injector from the ECN dataset, the same approach used by Benajes et al. [20] is proposed, so
an exponential equation is defined:

LOL T pb .- ( o BPing ) .04, )
Pfuel

Where the term in parenthesis correspond to the theoretical velocity of the fuel at the
nozzle exit. In tables[3|and [4] results from equations[1]and [2] are respectively presented. Addi-
tionally, coefficients obtained from the regressions by Benajes et al. [20] for the single orifice
are included. Because results shown in Fig. |5/ showed excellent agreement for high temper-
ature, ignition delays values for lower ambient densities have been added to the Schlieren
regression, in order to quantify the impact of density.

Table 3: Empirical correlation results for ignition delay. Coefficient obtained by Benajes et al. [20] for Spray A
are reported for reference and comparison.

Injector Method A a b c R?

Broadband 6444 -1.39 -0.26 -1.38 95.7
Schlieren 7652 -1.40 -0.19 -0.73 99.2
Broadband 7216 -1.25 -0.09 -0.93 98.0
Schlieren 7523 -1.35 -0.09 -0.51 97.9

Spray B

Spray A
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Table 4: Empirical correlation results for lift-off length. Coefficient obtained by Benajes et al. [20] for Spray A
are reported for reference and comparison.

Injector a b ¢ d R?

Spray B -445 - 059 -1.02 99.2
Spray A -389 -1 054 -1 995

Ignition delay correlation for Spray B obtained with Schlieren imaging showed good agree-
ment with those obtain for Spray A. The broadband chemiluminescence coefficients for tem-
perature, injection pressure and oxygen concentration for Spray B are not matching the Spray
A coefficients, which supports the statement that this methodology is too sensitive to light
variations and conditions, yet high value of R? for both methodologies confirm the excellent
repeatability and reliability of the results gathered. On the other hand, lift-off length coeffi-
cients also showed excellent agreement, confirming the results of the experimental comparison

presented in Fig.

4. Conclusions

Ignition delay and lift-off length measurements were carried out in a constant-pressure flow
facility. Both parameters were measured via two different methodologies: Ignition delay ob-
tained with broadband chemiluminescence and Schlieren imaging, LOL measured with OH*
and broadband chemiluminescence. For the study a 3 hole injector from the ECN, and a single
component fuel (n-Dodecane) were used. A wide range of test conditions were implemented,
including variations in oxygen concentration, injection pressure, ambient temperature, and
density. Additionally, results were compared with a single hole injector also from the ECN,
with similar orifice specifications. Empirical correlations were obtained and also compared
with this injector. The results showed good repeatability and consistency with what found in
the literature. In addition, good agreement with experimental results from other authors has
been observed when comparing single and multi hole nozzle, highlighting the reliability of
the data. The following conclusion can be drawn:

1. Ignition delay showed minor differences measured via the two methodologies. A differ-
ent approach, due to shorter exposure time, was used to process broadband chemilumi-
nescence results, to counter saturation due to combustion in the images gathered. This
approach proved to give accurate results when compared to ignition delay via Schlieren
imaging for the conditions tested.

2. On the effect of test conditions on ignition delay, the trend obtained is consistent to
what was found in the literature: increasing density, temperature, injection pressure
and oxygen concentration, all reduce ignition delay; the former two parameters having
a bigger impact on ignition than the latter two.

3. Broadband chemiluminescence lift-off length results obtained are not comparable with
OH* chemiluminescence for the configuration used, because soot formation occurs down-
stream in the spray. To minimize this, a very low threshold value was used, but still
results between methodologies showed big dispersion, as CH* chemiluminescence was
not capture due to low sensitivity. Nonetheless broadband chemiluminescence allows to
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study flame stability through time. From this findings, for lower injection pressures and
oxygen concentration, flame propagation was lower once the injection ended. Temper-
ature did not affect this phenomenon. Also flame propagation once the injection ended
was observed at a fixed rate.

Lift-off variations throughout test conditions also showed good agreement with results
from the literature: lift-off length decreases with increasing ambient temperatures and
oxygen concentrations, or decreasing injection pressure.

. From an experimental point of view, nozzle geometry had a small effect on ignition

delay and lift-off length. Due to the fact that sprays penetrate in different directions,
multi hole nozzle was directed towards a region of the chamber with higher temperature,
thus explaining the difference in smaller ignition delays and shorter lift-off lengths. This
highlights the importance of temperature variations along the chamber for spray and
combustion development.

Good agreement was found on the coefficients of the empirical correlations calculated
when compared to the single hole injector, specially for ignition delay measured with
Schlieren imaging and lift-off length through OH* chemiluminescence. This supports
the results obtained when comparing the two different injectors analog in technology
and geometry characteristics, and shows that variations in test conditions have a similar
impact on ignition delay and lift-off regardless nozzle orifice configuration.

High R? obtained in the empirical correlations shows the good repeatability and relia-
bility of results gathered.
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