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Abstract

In this work, lift-off length and ignition delay have been measured via chemiluminiscence
techniques in a wide range of conditions for a single-hole injector from the Engine Combustion
Network (ECN) dataset and using a single component fuel (n-dodecane). In addition, Schlieren
technique was used to characterize the ignition event using a new developed post-processing
methodology capable of characterizing the “disappearance” phenomenon linked to the start of
cool flames. Experiments have been carried out in a novel constant-pressure flow facility able of
reproducing engine-like thermodynamic conditions. Results show that oxygen concentration
seems to have a negligible impact on the start of cool flames. Empirical correlations have been
obtained for the three measured parameters and they manifest similar trends of other previously
published correlations for lift-off length and second stage ignition. These correlations also
underline that the effect of oxygen concentration and ambient density is caught differently by
chemiluminiscence and Schlieren techniques, even though the absolute value of the

measurements remains close.
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Highlights:

- Ignition delay and LOL of an ECN injector are measured with ECN standard diagnostics.
- New processing is developed for Schlieren images to obtain first/second stage ignition.
- A sweep of pressure, density, temperature and oxygen concentration is performed.

- A statistical analysis is done to provide an analytical description of the results.

Nomenclature

A, a, b, ¢, d: parameters adjusted in the statistical analysis
Apnozz: pressure drop through the nozzle orifice

ASOI: after the start of injection

CPF: constant-pressure flow (facility)

cwl: center wave length

CVP: constant volume pre-burn (facility)
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D,: nozzle orifice outlet diameter

k-factor: nozzle orifice conicity factor, defined as k-factor = 100-(D; - D,)/L.
LOL: lift-off length

0,%: ambient oxygen concentration

Pamp: @mbient pressure

Prair: rail pressure

SSI: second stage ignition

SoCF: start of cool flames

T-mp: ambient temperature

t time

uy,: theoretical velocity of the fuel at the orifice outlet
UV: ultra violet

v;: instantaneous spray velocity

Pamp: @ambient density

Pruer: fuel density

1. Introduction

Air-fuel mixing, evaporation and combustion processes control is the key to reduce pollutants
and improve the efficiency of direct injection Diesel engines [1], [2]. Since decades, engine
researchers have been trying to understand the basis of these processes from different points
of view: theoretical, experimental and computational. Computational tools, such as
computational fluid dynamics (CFD) simulations, have proved their great potential [2], [3] and
are growing and improving every day as proved by the use of new and models able to provide
more detailed data such Deatached Eddy Simulation [4] or Large Eddy Simulation [5]. Still,
these models are not completely predictive and experimental data are necessary at least for
validation, but also to correctly define the boundary conditions of the problem.

Because all the relevant variables are accessible in CFD models, including local and transient
fields, experimental methodologies and database need to be enhanced with more quantitative,
accurate and reliable information. The Engine Combustion Network (ECN) [6] started an
international collaboration in order to provide high quality data and consistent results to
modelers. The work of the group lays on several coordinated efforts in the Diesel research field:
the complete definition of a standard reference condition, the use of nominal identical injectors
(donated by Bosch to the ECN) and the organic cross check of the data obtained by different
facilities and through different techniques. Among the guidelines chosen recently by the group
there is also the introduction of standard experimental diagnostics [6], [7] in order to create
coherent databases between the institutions and to reduce the uncertainties when the data from
different facilities are compared. On the same spirit, a table of parametric variations in the
boundary conditions has been introduced including variations in ambient temperature, ambient

density, oxygen concentration and injection pressure.
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In the present work a novel constant-pressure flow facility (CPF) [8] able to reach 15 MPa
ambient pressure and 1000 K ambient temperature, has been employed to carry out
experimental studies of the combustion process, concretely the characterization of the ignition
delay and the lift-off length at Diesel-like conditions following the ECN recommendations.
Therefore, the whole range of suggested parametric variations has been studied employing the
standard experimental methodologies:

e Broadband chemiluminescence technique, to measure ignition delay [7], [10]

e OH* chemiluminescence to measure steady LOL [9], [11]
Both techniques are deeply described in the literature. Moreover, a special effort has been
made to study the spray disappearance phenomenon observed when a Schlieren setup is used
to study a reacting Diesel spray [7], [12]. A novel processing method has been applied and the
results obtained allow to clearly distinguishing the onset of cool flames and the ignition delay (or
second stage ignition).
Thanks to the broad range of the conditions tested, the results have been analyzed statistically
and empirical correlations have been obtained. In this last part of the work the results have
been compared with other works in the literature in order to remark the reliability and the high

quality of the experimental data provided.

2. Material and Methods
2.1 The constant-pressure flow facility

A novel constant-pressure flow test chamber capable of mimicking the in-cylinder thermo-
dynamic conditions of a Diesel engine at the time of injection was used. Following the
convention presented by Baert et al. [8] the test rig is classified as a constant-pressure flow
(CPF) facility because the Diesel-like conditions are reached by means of a continuous flow of
high temperature high pressure gas through the test chamber. Compared to other facilities this
test rig has the unique feature of obtaining nearly quiescent and steady thermodynamic
conditions within the chamber, providing thus an important reduction in the time required for the
tests. In order to measure correctly the temperature at the conditions tested, radiation heat
transfer should be taken into account [13].

In Figure 1 a sketch of the layout of the facility is provided. The boundary conditions have been

deeply characterized in [14] and a complete description of the facility is given in [15], [16].

2.2 The injection system

The injection system employed consists of commercial available components: a high pressure
volumetric Bosch CP3 pump driven by an electric motor; a common rail with pressure regulator
controlled by a PID system; and a special injector holder which is used to keep constant the

injector tip temperature [16] though the whole test matrix.
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The injector employed, based on second generation Common-Rail, is part of the ECN injector
dataset (ref: #210675 [6]). The injector features a single-hole axial nozzle enabling the
advantage to focus on the fundamental behavior of the spray eliminating both the effects and
the uncertainties related to the temperature boundary layer close to the walls and the spray-
spray interaction. Moreover, ECN injectors’ internal geometry and hydraulic behavior has been
deeply characterized and the data are available in [17].

Following the ECN philosophy, in order to enable the comparison with a CFD simulation, a
single-component fuel has been employed (n-dodecane): in fact a wide amount of data about

this fuel can be found in the literature [18].

2.3 The test matrix

The test matrix is summarized in Table 1. It includes the Spray A operating conditions (Tamp =
900 K, pams = 22.8 kg/m®, prai = 150 MPa, O, = 15% (vol.)) and variations of the main variables
(oxygen concentration, ambient temperature, ambient density and injection pressure) as defined
by ECN Working Group. The large range of values tested also allow to build statistically reliable
empirical relationships and to compare them with theoretical or previously obtained by other

authors’ results.

Table 1. Test conditions summary.

Parameter Values Units
Fuel n-dodecane -
Orifice diameter (D,) 0.089 mm
k-factor” 2.1 -
Energizing time 4000 V&

Tip temperature 390 K

Gas density (0,) 7.6,15.2,22.8 kg/m®
Gas temperature (T.mp) 750, 800, 850, 900 K
Injection pressure (p,ai) 300, 500, 750, 1000, 1250, 1500 MPa
Oxygen concentration (0,%) 13, 15, 21 % (vol.)

“k-factor definition is given by Macian et al. [19].
2.4 Optical techniques and processing methods
2.4.1 Diesel ignition study

Diesel ignition is strictly linked with chemiluminescence light emissions that take place during
the combustion [20]. Dec and Coy [21] demonstrated that the two main phases of the Diesel
ignition, onset of cool flames and second stage ignition, can be characterized by imaging the
natural emissions of two radicals, respectively CH* and OH*. During the last years, several
authors used intensified cameras fitted with interferometric filters to isolate the
chemiluminescence emissions from CH* (at 430 nm) and OH* (at 310 nm) [22], [23]. Despite
the important results shown by these techniques, two drawbacks of this approach should be
highlighted:

e The best reliability in terms of sensitivity is given by the single shot ICCD cameras,

which allow capturing only one image per injection event. Therefore, the time required
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for the characterization of a time dependent event (e.g. Diesel ignition) is significantly
increased. Furthermore transient events during one injection cannot be captured (e.g.
vortex development).

e When measuring the very weak emissions of CH* the sensitivity of the setup is
fundamental, and even an intensified camera may not be able to catch the very
beginning of cool flames [16]. Moreover, in the case CH* emissions are detected it is
not straight forward to know that the setup is catching the emissions from the beginning.

In order to overcome these problems alternative techniques have been used in this work:
broadband chemiluminescence [7], [10] and the Schlieren imaging [12], [24] both implementable
with the use of fast cameras.

Before going further in the description of the techniques employed, it is convenient to define the
two parameters characterized in the ignition delay study and the relationship between them.

e Start of cool flames (SoCF): time elapsed between the start of injection and the first
insight of onset of chemical reactions.

e Start of high temperature reactions or second stage ignition (SSI): this parameter
normally known also as ignition delay is the time, referred to the start of injection, at
which the high temperature release reactions start.

Cool flames depend mainly on chemistry scale. There is a negative temperature gradient region
and a thermal preparation region before SSI is initiated. To understand SSI, the thermal
preparation region is more important to consider because during this period reactions with
formaldehyde are consumed and hydrogen peroxide decomposes to produce OH radicals,
which subsequently react and initiate SSI. On the other hand, SSI also depends on mixing
(turbulent scale) that subsequently depends on injection pressure, ambient density, local

oxygen concentration and turbulence level in the combustion chamber.

2.4.2 Broadband Chemiluminescence

Broadband chemiluminescence technique to study ignition delay was introduced and validated
by Lillo et al. [10]. Following their idea, a standard processing has been defined and it is
described next. As shown in Figure 2, where the maximum intensity (counts) computed in the
area of interest (roughly, in the LOL region) is plotted, the intensity related to the cool flames is
orders of magnitude lower than the one of high temperature chemiluminescence, and the latter
stabilizes at a certain level also defined as leveling-off level. The leveling-off level could thus be
used as a reference for calculating the SSI threshold, that as per ECN guidelines is fixed at
50%. Even if an insight of cool flames can be detected with this technique the measurement
performed falls in the same limitation of the CH* imaging with intensified camera: the very week
signal captured makes it impossible to state if the setup is catching the very beginning of the

process. Details of the optical setup are listed in Table 2.
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Table 2. Details of the optical setup used in the study.

Broadband Schlieren . .
. . OH* chemilum.
chemilum. Imaging
Camera Phantom - V12 Photron SA-5 Andor - Istar
Sensor
Type CMOS CMOS ICCD
Lens 100 mm 50 mm 100 mm - U.V.
Diaphragm - 4 mm -
Filter <600 nm - 310 cwl £ 5
Frame Rate 20 kfps 50 kfps 1 frame/injection
Shutter 3 ms (from 2 to
time 48 s 4us 5 ms ASOI)
Repetitions 8 8 15
Pixmm 7.25 5.26 5.85

2.4.3 Schlieren imaging

Schlieren imaging is a valuable technique to identify refractive index gradients in transparent
media [24]. For vaporizing Diesel [25], [26] but also gasoline [27] sprays, this technique shows
the boundary between vaporized fuel and ambient gases because (1) refractive index
differences exist between the fuel and ambient gases and (2) density gradients are created in
mixture as the vaporized fuel spray cools the mixture. The good temporal resolution of this
technique allows characterizing the spray even for a fast response injectors [28].

Pickett et al. [12], using a Schlieren setup, observed that cool flames onset can be appreciated
as a temporal disappearance of the spray in the tip region. As explained by Pickett et al. [12],
this phenomenon is related to the changes in chemical composition and temperature of the
mixture that take place in this early phase of the ignition. The refractive index of the mixture
changes and for a transient period is very close to the one of the surrounding gas, becoming
then invisible to the Schlieren setup. Bardi et al. [7] observed consistently this phenomenon in
different facilities and compared the different experiments basing on the measured spray
penetration.

Figure 3 presents image sequences captured by the two optical setups for a sample test
condition highlighting the features of the ignition detected by both techniques. In the Schlieren
imaging, at about 420 us ASOI the spray tip starts getting transparent (even if it is still visible)
and disappears completely at 460 us ASOI as a consequence of the onset of cool flames. At
about 620 ps ASOI the spray tip is still transparent and the first signal is captured by the
broadband chemiluminescence setup: this is considered the last, most luminous phase of the
cool flames. In the following image (660 ys ASOI) the chemiluminescence signal significantly
increases together with the refractive index gradients in the spray (the spray tip re-appear in the
Schlieren image): this is considered the instant when the second stage ignition takes place.
Suddenly after the SSI, soot incandescence becomes the dominant light emitting source,

causing the broadband signal to get stronger and saturate the camera sensor. On the other
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hand, due to the important temperature gradient occurring in the diffusive phase of the
combustion and to the soot absorption, the spray tip in the Schlieren images becomes darker.
In order to analyze in a factual way the disappearance phenomenon observed through the
Schlieren setup and to compare the event under different test conditions, a special image
processing has been developed:

e Background correction: shadowgraph imaging under high temperature conditions is
characterized by background structures caused by the gas temperature/density in-
homogeneities. These structures cannot be considered steady during the injection
event. On the other hand, this movement is slow compared to spray velocities, so the
structures can be considered steady between two consecutive images. For this reason,
a common way to analyze Schlieren images is a derivative analysis, where the spray
detection basis on the subtraction of one image to the following one. In this case, being
the focus of the processing to observe the transparency effect in the spray it would not
be convenient to subtract the previous image because the core of the spray would be
subtracted to itself, and much information would be lost. A different strategy was
therefore developed for the background subtraction. To characterized the image /,,
composite background image /4, is subtracted, that is obtained combining different
images: I,4, is composed by the area that in the image /., was not filled by the spray;
the remaining area of /., is filled by the pixels that in the image /., were not occupied by
spray, and so on. In other words the pixels of the background are chosen from the last
image in which they were not part of the spray.

e Segmentation criterion: spray boundaries are determined binarizing the image following
the approach described by Siebers [29]. The binarization threshold is defined as the 5%
of the dynamic range of each background corrected image.

e Total intensity calculation (y): the global Schlieren effect of the spray is evaluated
computing the total intensity of the corrected image, in other words, the counts of each
pixel of the corrected image are summed to have a single value.

e Total intensity increment (Ay): finally, Ay is defined as the increment of the parameter y
between two following images.

Analyzing the parameter Ay the transparency phenomenon is evaluated globally, considering
also the changes occurring not only along the border but also within the core of the spray.

In Figure 4 (left), a time plot of the parameter y is presented: as the injection event advances in
time and the spray grows larger, the total intensity increases. At the time cool flames start, the
spray gets transparent and the total intensity trend changes. Afterward, as the spray tip appears
again in the Schlieren image, the total intensity restarts growing as a consequence of the
second stage ignition. The two changes in the slope of the curve correspond to the two peaks
observed in Figure 4 (right), where the total intensity increment is plotted. Observing Figure 4
(right), three main conclusions can be laid: i) the cool flame effect is quite robust to the
Schlieren setup since it is observed at different diaphragm apertures; however, the comparison

suggests that when the diaphragm aperture is reduced [24] the peaks appear more prominent

APPLIED THERMAL ENGINEERING; Volume: 58; Issue: 1-2; Pages: 554-563;
DOI: 10.1016/j.applthermaleng.2013.04.044; Published: SEP 2013



and therefore their detection is easier and the diaphragm aperture chosen for the entire test
matrix is 4 mm; ii) at a certain point an evident deviation can be observed between the
reacting/non-reacting case; the interval between this instant and the start of injection will be
named SoCF (Start of Cool Flames) (c.f. Figure 4 (right)); and iii) the second stage ignition is
associated with a well-defined local maximum in the total intensity increment curve; the
relationship between this event and the SS/ obtained in broadband chemiluminescence will be
discussed in the next section. Finally, in Figure 4 (left and right), a sample of the shot-to-shot
standard deviation of the curves is represented by the light blue area and it indicates that the

measurement has a very good repeatability providing thus precise measurements.

2.4.4 Lift-off length

The lift-off length (LOL) was measured capturing the signal from OH* chemiluminescence
following the ECN standard methodology [6], [9]. An ICCD camera (Andor I-star) fitted with a
100 mm /2.8 UV lens and a 310+5 nm interferometric filter was used with a constant intensifier
gating time widow included between 2.0 and 5.0 ms ASOI: in this way the steady part of the
injection was averaged along the injection event and the shot-to-shot deviation was reduced.
Once images are captured, the post-processing follows the approach presented by Siebers and
Higgins [9]: after filtering the image with a 3x3 pixel mean filter, two intensity profiles are
obtained calculating the maximum intensity for each axial position in the upper and lower half of
the image (Figure 5 left). The lift-off length was determined by finding the distances between the
injector tip and the first axial locations above and below the spray centerline with intensity
greater than 50% of the intensity peak shown in Figure 5 left-bottom. The average of these two
axial distances is defined as the lift-off length. Considering the dependence of the peak value on
ambient/injection boundary conditions (Figure 5 right), the lift-off length threshold was obtained
calculating the peak value for each combination of them following the approach below:
e For each condition tested, all the repetition-images were used to obtain a single
average-image;
e A characteristic intensity profile was extracted averaging the upper and lower intensity

profiles (see above) of the average image and finally, the threshold was scaled to the

50% of the peak observed in this curve.
In Figure 5 left-top, the colored dashed lines indicate the LOL calculated for a sample image
scaling the threshold to a different percentage of the peak: the separation between the LOL
values obtained underlines how the threshold definition and the method used to compute it have

an important effect on the final result.

3. Results

In order to give to this section a linear organization, authors preferred to start discussing the
results from comparison between Schlieren and broadband chemiluminescence experiments,

and concluding with the LOL analysis.
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3.1 Schlieren/broadband chemiluminescence images

When the total intensity increment curves under different test conditions are compared on the
same axis (Figure 6 and Figure 7) several considerations can be drawn:

¢ In all the conditions tested, always a clear deviation between the reacting and non-
reacting curves occurs at a certain point of the injection. This allows identifying the start
of the transparency phenomenon and thus the SoCF.

¢ The local maximum that is following the transparency phenomenon is always in good
agreement with the second stage ignition delay obtained via broad-band
chemiluminescence (dashed vertical lines). This observation is consistent through most
of the conditions tested, suggesting an interesting potential of the Schlieren technique
for the evaluation of the SSI. Therefore, the time corresponding to this peak is recorded
and then used for a further and more general comparison. This parameter will be
recalled as SS/ Schlieren.

e When ambient temperature is decreased a third peak appears as a local maximum right
before the minimum mentioned above (Figure 6 left), meaning that the spray gets
darker for a short time right before the transparency phenomenon. This effect is
possibly related to the different chemical reactions that are taking place at low ambient
temperature [30], [31] and that are affecting the mixture refractive index evolution.

In Figure 8 and Figure 9 the parameters SoCF and SS/ are plotted together for comparison. In
these figures it is possible to appreciate the effect that the test conditions have on these
parameters and on the related time-dwell. While the effect of oxygen concentration and ambient
temperature can be chemically explained (typically higher oxygen concentration and ambient
temperature accelerate oxidation reactions as expected theoretically [32] and observed
experimentally by other authors [33], [34]) the effect of ambient density and injection pressure is
related to fuel-air mixing dynamics. At higher ambient density the spray spreading angle
increases significantly [35]: in this condition the volume of air entrained in the spray is higher
(and denser), causing therefore a faster heating of the fuel mixture. On the other hand when
injection pressure is increased the spray penetrates and mixes faster [36] leading the fuel to
reach the ignition condition earlier. These considerations apply to both parameters, SoCF and
SSI.

Comparing the effect that the variations in test conditions have on SoCF and SSJ, it appears
that while ambient temperature and injection pressure are substantially reducing both
parameters in the same proportion, ambient density has a reduced effect and oxygen
concentration barely affects SoCF, both increasing substantially the SoCF-SS/ time dwell. This
phenomenon will be further examined in the discussion section.

Figures 8 and 9 also show that SS/ from Schlieren well matches the SS/ value obtained via
broadband chemiluminescence in the whole bench of conditions tested. However, differences
occasionally appear between the two measurements, but in most of the cases these differences

seem to be caused more by boundary condition uncertainties and shot-to-shot dispersion rather
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than to the technique employed. A different consideration should be done for the results at low
ambient gas density and low ambient temperature. At low ambient density the Schlieren
technique clearly over-predicts the SSI: even if it is not easy to demonstrate theoretically, this
fact is not so surprising. As explained before, Schlieren imaging detects the refractive index
gradients along the test section and therefore the whole disappearing/re-appearing
phenomenon has to be related to difference between the (average) refractive index of the spray
and of the surrounding gas. Being the ambient density the main driver for air refractive index,
when this parameter is substantially reduced (e.g. from 22.8 to 7.6 kg/m®) the physical threshold
for the disappearing phenomenon is somehow changed, and therefore the related
measurements might be affected. At low ambient temperature, Schlieren technique seems to
overestimate SSI: the different intermediate products generated lead to different refractive index
evolution (see LOL results in the next section) and again the related measurements might be
affected.

Finally it is important to point out that the standard deviation of the SS/ measured via
chemiluminescence and via Schlieren is in all the cases lower than the 5% of the measurement

indicating a very good repeatability of the tests and of the measurement.

3.2 Lift-off length results

The lift-off length obtained under different test conditions is plotted in Figure 10 and 11. The
results reflect what was already observed in other works [9], [34]: lift-off length decreases when
oxygen concentration, ambient temperature and ambient density increase, and increases with
injection pressure. The very low standard deviation obtained (always lower than 7% of the
measured value), underlines the high repeatability of the measurements guaranteed by the long
exposure time of the camera that integrates all the fluctuations characteristics of the spray
turbulences, and by the steady test conditions of the test rig. The effects of the test conditions

on the lift-off length will be better quantified in the next section through a statistical analysis.

4. Discussion

The broad range of conditions tested gives a solid base to perform a statistical analysis and
increase the reliability of the results. A least-square regression has been performed to have an
analytical description of the relationship between the test conditions and the measurements
performed.

The equations used have been chosen depending on the parameter analyzed. On one hand,
SS/and SoCF, which are directly related to the combustion chemistry, are fitted to an Arrhenius
type: Equation (1). On the other hand, LOL is strongly linked to the spray development and
therefore an exponential equation is preferred: Equation (2). Moreover, in other works [15], [34]
the same equations have been chosen to perform a similar analysis and therefore the new

results obtained in the two cases can be compared.

APPLIED THERMAL ENGINEERING; Volume: 58; Issue: 1-2; Pages: 554-563;
DOI: 10.1016/j.applthermaleng.2013.04.044; Published: SEP 2013



A a c
ID exp [T_J *Pamb Ap:ozz ’ 02% (1)

amb

LOLoc T2, - o0 -1g -O8, (2)

Where Apmzz is the pressure drop through the nozzle orifice approximated to P — Payy» @and

Uy, the theoretical velocity of the fuel at the orifice outlet obtained as:

Ap
u. = (2 nozz
"N P (3)

being Oj, the density of the fuel. Table 3 shows part of the results from the statistical analysis

performed. Concerning the SS/ obtained by the broadband chemiluminescence, results show
relatively good agreement with the results from Pickett et al. [34]. Although small differences
appear, the general trend is very close and the high R? found is proving the good precision of
the tests and the reliability of the results. Moreover, the constant A, related to the effect of the
ambient temperature, is affected by the fuel employed: Pickett et al. [34] used DR2 reference
fuel while in the present work the fuel used is pure n-dodecane and therefore some difference in
A should be expected.

Table 3. Coefficients obtained from the regression of Equation (1) to the experimental data for SSI and
SoCF. Coefficients obtained by Pickett et al. [34] are reported for reference.

A a b c R? [%]
SSI - Picket et al. [34] 6534 -0.96 - -1 -
SSI - Chemiluminiscence 7216  -1.25 -0.09 -0.93 98.0
SSI - Schlieren 7523 -1.35 -0.09 -0.51 97.9
SoCF 8312 -0.7 -0.2 -0.05 97.9

When the SS/ obtained via Schlieren methodology is analyzed, it is proved that the technique is
consistent when ambient temperature and injection pressure are changed, but the
measurement loses its precision when ambient density or oxygen concentration are varied.
However even if the coefficients obtained for oxygen concentration and ambient density are
quite different, it has to be underlined that the absolute value of the measurement is very close
to the one obtained via chemiluminescence (the maximum relative difference is 13%, including
uncertainties in test conditions and shot-to-shot repeatability) and therefore the potential of the
methodology is confirmed.
Analyzing the effect of the test parameters on SoCF two relevant facts have to be remarked:

e The high R? underlines that the transparency phenomenon is highly reproducible and it

can be precisely determined in all the range of tested conditions.
e SoCF, when compared to the SSJ, is only slightly affected by oxygen concentration (as

shown in Figure 9) and is more sensitive to the effect of injection pressure. This means
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that with respect to SSI, cool flames timing is more related to the mixing process and

not only to chemistry as first thought.
The statistical study is concluded analyzing the LOL measurements using Equation (2). It is
summarized in Table 4. The number of conditions tested and the high value of R? obtained
allows having a very accurate analytical description of the data obtained over a wide range of
test conditions. When compared to coefficients found by Pickett et al. [34] an important
agreement is still found concerning the effect of ambient temperature, ambient density and
oxygen concentration. However, an important difference has been observed in the effect that

injection pressure has on LOL.

Table 4. Coefficients obtained from the regression of Equation (2) to the experimental data for LOL.
Coefficients obtained by Pickett et al. [34] and Payri et al. [15] are reported for reference.

a b c d R*[%]
Picket et al. [34] -3.74 -0.85 1 -1 -
Payri et al. [15] -3.97 -0.93 0.52 - -
Experimental data -3.89 -1 054 -1 995

Experimental data (including T, = 750K) -5.10 -1.14 0.31 -0.86 98.0

Coefficients presented in the third row of Table 4 have been obtained excluding the 750 K data.
If the same fitting is done including those data (fourth row) coefficients widely differ from those
obtained by other authors. This is because at low ambient temperature balances along
chemistry mechanisms in the oxidation process vary, changing the velocity of the reactions and
the amount of the intermediate products that are generated [30], [31]. Thus, a different
correlation should be used for those conditions.

Finally, just recall that only tested parameters are considered for fitting, however, there are
others (such ambient turbulence) that may also affect SS/, SoCF and LOL. These non-
controlled parameters would introduce an error in measurements. Nevertheless their relevance
is negligible as demonstrated by the high values of R? obtained; the 98% of the change of SSI,
SoCF and LOL is explained by the studied parameters.

5. Conclusions

Ignition delay and lift-off length have been studied in a wide range of Diesel relevant conditions
using an ECN Diesel injector and a novel constant-pressure flow facility.
The measurements have been performed using ECN standard diagnostics (broadband and OH*
chemiluminescence) accomplishing two objectives:
e To provide valuable experimental data for modelers that are consistent with ECN
guidelines.
e To advance the understanding of the ECN experimental techniques testing over the
whole range of parametric variation suggested.
The results remarked the very good repeatability of the diagnostics, finding a) good agreement

with the literature and b) providing an accurate overall description of the relationship between
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the measurements and the boundary conditions. These facts together can be considered as an
important insight of the reliability of the data.

Moreover, a new processing method for Schlieren images allowed to characterize the onset of
cool flames, and to obtain through a statistical analysis an analytical description that relates
their timing with the boundary conditions.

Finally, a second parameter extracted by the Schlieren images processing (local maximum in
the total intensity curve) has been compared to the SS/ obtained via chemiluminescence. The
good match between the two measurements suggests a strict link between the two phenomena
observed, and the possibility to use the Schlieren imaging to measuring SS/. On the other hand,
even if the absolute value of the measurements is always close, the statistical analysis shows
that the effect of oxygen concentration and ambient density is caught differently by the two
methodologies and therefore the reliability of this second technique could be questioned.
However, the precise description of the ignition event provided by the Schlieren processing
remains a useful tool and requiring only a relatively easy setup, being the results easy to

reproduce in other facilities.
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List of figures

Figure 1. Scheme of the CPF facility employed in the tests.

Figure 2. Definition of the ignition delay obtained via broadband chemiluminescence. The
maximum intensity obtained inside the region of interest stabilizes at a leveling-off level. A
threshold for the ignition delay definition is defined as half of this leveling-off level. T, = 900K,
Pamb = 15.2 kg/m°, 0,% = 15%, prai = 150 MPa.

Figure 3. Ignition sequence obtained with a Schlieren setup (left) and with broadband
chemiluminescence imaging (right) (Tams = 900K, pamp = 15.2 kg/m3, 0% = 15%, pray = 150
MPa).

Figure 4. Total intensity (left) and total intensity increment (right) with respect to the time after
start of injection (ASOI). The label indicates the definition of the start of cool flames (SoCF). ®
indicates the diaphragm aperture used in the Schlieren setup. The light-blue area represents a
sample of the shot-to-shot standard deviation of the curve.

Figure 5. LOL definition. Left: sample image and intensity profile (maximum intensity for each
axial distance, bottom). The color dashed lines indicate the different lift-off obtained changing
the threshold. Right: Effect of injection pressure and ambient density on the intensity peak level
at constant ICCD gain settings (T.m, =900K, 0,% = 15%).

Figure 6. Total intensity signal. Effect of ambient temperature (left) and of ambient density
(right).

Figure 7. Total intensity signal. Effect of oxygen concentration (left) and of injection pressure
(right).

Figure 8. Effect of ambient temperature (0.% = 15%, Pamy = 22.8 kg/m3) (left) and ambient
density (0,% = 15%, T.mp = 900K) (right) on ignition delay. In the plot on the left the results at
900K have been zoomed to better observe the effect of p,,;.

Figure 9. Effect of Oxygen concentration on ignition delay (Tamp = 900K, pamp = 22.8 kg/ms) (left)
and direct comparison between SSI Chemiluminescence and SSI Schlieren for different
ambient temperatures (right).

Figure 10. Effect of ambient temperature (0, = 22.8 kg/ma, 0,% = 15%) (left) and rail pressure
(0amp = 22.8 kg/ms, Tamp = 900 K) (right) on lift-off length.

Figure 11. Effect of ambient density (T.my, = 900 K, O;% = 15%) (left) and ambient oxygen
concentration (T,mp = 900 K, pamp = 22.8 kg/m3) (right) on lift-off length.
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