Document downloaded from:

http://hdl.handle.net/10251/154040
This paper must be cited as:

Payri, R.; Gimeno, J.; Cardona-Vargas, S.; Ayyapureddi, S. (2019). Experimental study of
the influence of the fuel and boundary conditions over the soot formation in multi-hole diesel
injectors using high-speed color diffused back-illumination technique. Applied Thermal
Engineering. 158:1-16. https://doi.org/10.1016/j.applthermaleng.2019.113746

The final publication is available at

https://doi.org/10.1016/j.applthermaleng.2019.113746

Copyright E|sevier

Additional Information



Experimental study of the influence of the fuel and boundary conditions over
the soot formation in multi-hole diesel injectors using high-speed color
diffused back illumination technique.

Raul Payri**, Jaime Gimeno?, Santiago Cardona?, Sridhar Ayyapureddi®

2CMT - Motores Térmicos, Camino de Vera (s/n), Universitat Politécnica de Valéncia, Edificio 6D, 46022, Valencia, Spain.
bJaguar Land Rover Ltd, Abbey Road, Whitley, CV3 4LF Coventry, UK

Abstract

Two prototypes multi-hole diesel injector from a high-pressure common rail system were used to operated
with diesel and n-Heptane fuels in a high-pressure and high-temperature test rig able to reach 1100 Kelvin and
15 MPa under different oxygen concentrations with the goal to study the influence of the boundary conditions
on the combustion process evaluating parameters as ignition delay, lift-off length and soot formation. A novel
optical set-up was implemented to visualize the soot cloud evolution in the fuel jet between 30 to 85 millimeters
from the nozzle exit using the high-speed color diffused back illumination technique, it was used as a result of the
insertion of a high-pressure window in the injector holder opposite to the frontal window of the vessel allowing
an optical arrangement in line-of-sight. The experiments performed in this work used a LED with a wavelength
of 460 nm to provide information about physical of the soot properties, the results of varying the operational
conditions show the reduction of soot formation with an increase in injection pressure, a reduction in ambient
temperature, a reduction in oxygen concentration or a reduction in ambient density. Furthermore, fuel effect on
soot formation also has been studied showing a big difference between both fuels, diesel is known to be more
prone to produce soot than n-Heptane reducing the ability of the technique implemented, especially in conditions
with high temperature and high density.

Keywords: Diesel, n-Heptane, Soot formation, Multi-hole diesel injector, Optical thickness, Soot cloud,
High-speed diffused back illumination
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fps frames per second LII laser-induced incandescence
fv soot volume fraction LOL  lift-off length
FWHM full width at half maximum 02%  oxygen concentration
1 measured transmitted intensity PID proportional-integral-derivative
ID Ignition Delay Pinj injection pressure
Ir intensity of the flame SOI Start of injection
Iy background intensity SSI Second stage of ignition
K dimensional extinction coefficient Tump  ambient temperature
ke dimensionless optical extinction coefficient Pamp ~ ambient density
KL optical thickness from soot
Cite as:

Payri, R., Gimeno, J., Cardona, S., Ayyapureddi, S. "Experimental study of the influence of the fuel and boundary conditions over the soot
formation in multi-hole diesel injectors using high-speed color diffused back-illumination technique." Appl. Therm. Eng. 2019, Vol. 158,
113746, doi:10.1016/J.APPLTHERMALENG.2019.113746.

* Corresponding author. Tel.:+34963879658; fax.: +34963877659

E-mail address: rpayri@mot.upv.es.
pay P April 17, 2019



1. Introduction

Pollutant emissions (mainly soot) and particular matter (PM) formed in the combustion process of the fuel jets
from diesel engines have been a major concern in the last decade [1I]; particularly from older diesel vehicles pre-
dating Euro 6 standards. As a result, more stringent emissions standards for diesel engines have led to the use of
new exhaust after-treatment such as diesel particular filters, which have helped minimize this problem greatly
in the last decade. Due to this growing interest to find methodologies for reducing the pollutant emissions, it has
been necessary to study the combustion phenomena, mainly around the factors that are related to the formation
of these, where the particulate matter is knowns for its detrimental effects on health and the environment [2]].

Several methodologies have been developed to understand the combustion process. Ignition delay (ID) and
lift-off length (LOL) have been used largely by many researchers [3H7] to comprehend and explain phenomena
present in it. Soot formation in diesel fuel jets under different operating conditions is phenomena of quite an
interest for the automotive sector, so it has been necessary to develop techniques for its study, within which
we can mention laser-induced incandescence (LII) and laser extinction measurement (LEM), which represent the
most common techniques employed in-situ optical diagnostic for characterization of soot volume fraction (fv).
Pickett and Siebers [8] used LEM to measure the soot optical thickness across a fuel jet and planar laser-induced
incandescence (PLII) to visualize the spatial location of the soot in a fuel jet qualitatively and determine the radial
widths of the soot region. Payri et al. [9] used the Two-color method that consists in an optical thermometry
technique to study the presence of soot within the diesel flame, they evaluated the influence of injection pressure,
air density, and ambient gas temperature on the Two-color technique derived parameters.

Line-of-sight attenuation imaging technique have also been used to determinate the soot concentration in
diesel fuel jets. Nakakita et al. [10] used the Schlieren and back-illumination methods to study the soot clouds,
they confirmed through the evaluations that back illumination was the best method to visualize the soot cloud.
Snelling et al. [11]] employed a technique for acquiring two-dimensional soot-volume-fraction in laminar flames;
they managed to minimize the effect of the beam steering using a precise optical arrangement resulting in maps
with a low noise concentration. Yi Xu et al. [12]] measured soot volume fraction through forward-illumination
light-extinction technique in two-dimensional soot concentration with a single window. Thomson et al. [13]
used a technique of the diffuse-light two-dimensional line-of-sight attenuation for study ethylene-air laminar
non-premixed co-annular achieving very high levels of the sensitivity in transmissivity measurements through
diffused illumination and avoiding the interference due to beam steering.

Currently, there is another new technique to characterize the soot formation and it is known as the high-speed
two colors diffused back illumination extinction. Manin et al. [14] employed this technique and simultaneously
laser extinction to study the soot formation in n-dodecane sprays, they concluded a preference for shorter visible
wavelengths, as soot-generated extinction is higher while broadband flame emission is lower at these wave-
lengths. Consequently, shorter visible wavelengths resulted in a greater signal-to-noise ratio, Skeen et al. [15]
made similar measurements using this technique to evaluate the soot formation in n-dodecane jets under diesel
engine relevant conditions finding concordance with results of the previous works. Additionally, Bardi et al.
[16] employed this technique in order to understand the formation and oxidation of soot in diesel combustion
using a set of fuels with different cetane number and sooting index, performing parametric variations in the test
conditions.

This work presents the measurements of lift-off length, ignition delay, and mainly the study of the evolution of
soot formation, (Mg,ot ), in diesel and n-Heptane fuel jets of two prototypes multi-hole diesel injectors. The study
was performed in a high-temperature and high-pressure vessel, performing parametric variations in the boundary
conditions (i.e., ambient gas temperature, ambient gas density, injection pressure and oxygen concentration). To
determine the soot formation was used the high-speed color diffused back illumination technique. Manin et al.
[14] employed a similar technique, but using two light-emitting diode (LED) of different color, for this study was
employed an only color; a blue LED with a wavelength of 460 nm that was utilized to illuminate behind the jets of
fuel through the optical access of the novel posterior window. Additionally, the ignition delay and lift-off length
phenomena were performed in order to understand the behavior of the soot mass evolution in the formation
phase.

The main contribution of the current work has been implementing a new optical arrangement to determine
the soot concentration in multi-hole injectors applying a high-speed color diffused back-illumination technique.
Diffused back-illumination technique has widely used [16} [14, [17] 9} 8| 18] to determine soot concentrations in
single-hole injectors, their results are in good agreement with the trends found in the literature using laser
techniques [8l [19] [14]]. However, lasers commonly provide only a single image per injection, but no information



about the temporal evolution of soot during a single injection event and also a high amount of soot causes
significant laser attenuation. On the other hand, due to the difficulties to determine soot in real multi-hole
injectors for the complexity of the optical arrangement, the studies reported in the literature about these are
limited. In this work, it was measured the temporal evolution of soot during the injection event of a real multi-hole
diesel injector using a high-speed color diffused back-illumination technique with a new optical arrangement. It
is important to mention that a high amount of soot reduces the ability of this technique. In order to understand
the soot’s behavior, several critical factors were measured such as lift-off length and ignition delay. The results
providing a quantitative measurement to aid in the development of predictive models and the trends were found
to be consistent throughout the complete test matrix. Results are in good agreement with the trends found in the
literature for single-hole diesel injectors.

The present work is formed by four mainly sections. Following the present introduction, the material and
methods are explained, including the new optical setup description and the image processing to obtain, LOL, ID,
and KL, the steps and assumptions to calculate the Mg, is also presented. The third section presents the results
of the methods employed to study the combustion phenomena and soot formation with different fuels, injectors,
ambient conditions, and various injection pressures. The last section contains the conclusions of this work.

2. Materials and methods

This section explains the setup used to carry out this research, as well as an explanation of ID, LOL, and (Mg,ot)
processing methodology, equations and main parameters selected to determine the soot mass.

2.1. Hardware

2.1.1. Injection system

The injection system consisting of an air-driven fuel pump and electronic valve to control the pressure in
the commercial common rail. This system can generate high rail pressures of up to 3500 MPa and maintain it
at the set value while injecting fuel. The energizing time of the injection was 1300 us and it was kept fix for all
measurements, and the nozzle tip of the injector was fixed at a constant temperature of 323 K using an aluminum
shield nozzle holder similar to one used by Gimeno et al. [20]; injector holder was designed to have a coolant
flowing in direct contact with the injector. The injector’s return line was pressurized to 0.8 MPa as required by
the injection system to work properly. The rest of the injection system is composed of high-pressure lines and
some valves to guarantee uniform pressure.

2.1.2. Visualization test rig

A new high pressure and high temperature vessel used for the experiments is presented in Fig[l] This test
rig can be operated in steady thermodynamic conditions which are appropriate to compare with diesel engine
conditions. It consists of constant pressure and flow test chamber, similar to the one used by Payri et al. [21] [4]].
This vessel can reach 1100 K and 15 MPa of chamber temperature and pressure respectively under different
oxygen concentration. Furthermore, it has a bigger optical access (181 mm of diameter) than the old facility
(130 mm of diameter) which allows a wider field of view for study the injection phenomena. Additionally, heat
losses of the test chamber have been reduced with a thicker cross section of insulating material and an improved
design of the test section and injector holder. This improves the temperature distribution inside the chamber that
can have a considerable effect on the results. Multiple sensor input connection ports are available and located in
different angles and heights of the outer wall of the vessel, allowing for different sensors to enter the test chamber
(e.g. thermocouples, pressure sensor).



Fig. 1: Lateral view of the high-pressure and high-temperature visualization vessel.

The new facility is formed by four main sub-sections: high-pressure system, heaters, test vessel, and control
system. Air is compressed and stored in high-pressure reservoirs. After passing through an industrial dryer to
remove humidity from the air, it enters to the test chamber through a 30 kW electric heating system, controlled
by a PID with a temperature set-point, fixed at the desired level. Another PID system controls the chamber
pressure with a flow control valve that feeds high-pressure air. Also, the facility is capable of being operated in
an open or closed circuit to test spray development either in a standard air atmosphere or with gas//No mixtures
with different O, concentration, enabling to simulate the re-circulation of exhaust gas (EGR) by decreasing the
oxygen content of the charge. It is even possible to operate the test rig in non-reacting conditions with 100 %
Na. The chemical composition of the gas in the chamber is permanently measured by a lambda sensor and can
be adjusted adding either air or nitrogen through a regulation system. Hot gases exit the vessel and, after being
cooled down, are thrown into the atmosphere.

Special injector holder has been used to keep the injector working a constant temperature along the exper-
iments through a circuit of ethylene glycol; the nozzle tip temperature is fixed to keep it constant in each test
condition due influence on the sprays [22]. Fig. [2] shows a schematic diagram of the new facility.
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Fig. 2: Global diagram of the high pressure and temperature facility.



2.1.3. Posterior window

A novel posterior window has been used in order to determine the soot concentration in multi-hole diesel
injectors, which can be seen in Fig. [3| The new window includes a special injector holder connected to a refrig-
eration system, it ensures a constant temperature of the nozzle tip throughout the experiments, minimizing the
variation of the fuel jet properties. Also, it has optical access which is composed of a high-temperature window
and high-pressure window behind the sprays, enabling the LED’s illumination can go through the soot cloud in
the combustion process and allowing to determine the soot concentration. Additionally, between the hoop and
the injector holder, there is a cross-section of insulating material to avoid the heat losses of the test chamber.

In@

Injector holder

~

Fig. 3: Section wiew of posterior window.

This novel window allows visualizing the spray jet between 30 to 85 mm, considering the complexity of the
assembly and the quite confined space, it is a long view length, which is very important in order to observe as
much as possible evolution of the soot formation, which takes place downstream from the injector tip and it
varies with the boundary conditions. The injector holder has an inclination in accordance with spray angle with
the goal that the spray’s axis and optical window be parallel with each other. A new injector clamp allows the
injector rotation to locate the selected fuel jet in the horizontal position facilitating the processing of images and
ensuring that the jet of interest is the same throughout tested conditions.

2.1.4. Test matrix

The test plan, presented Table[l] is centered on the boundary conditions performed for this study, it shows the
ranges of the ambient density, ambient temperature, and oxygen concentration that were used for this campaign.
Also, the injection pressure was variated from 100 to 250 MPa. Skeen et al [15] studied soot volume fraction in
n-Dodecane flames, variating the operating conditions (i.e., ambient temperature, density, and oxygen concentra-
tion), they observed that the largest amount of the total soot mass was formed under conditions of high-density,
high-temperature, and low oxygen concentration. Additionally, all experiments were performed for two proto-
type injectors denoted as “PMI20” and “PMI25” with maximum injection pressures of 200 MPa and 250 MPa
respectively. Fuels selected to perform all experiments were two different fuels, high-quality commercial fuel
(Diesel) and n-Heptane.

Table 1: Test matrix.

Parameter Values Units
Injectors “PMI20” and “PMI25” -
Energizing time 1.3 ms
Injection pressure (pinj) ~ 100-150-200-250¢ MPa
Oxygen perc. (O2%) 13-17-20.9 %(vol.)
Tip temperature (T};p) 323 K

Gas temperature (Tgqs) 800 - 900 - 1000 K

Gas density (pgas) 10 - 18 - 28 kg/m3

¢ Only injector “PMI25”

Fuel properties relevant to this study are referred to in Table [2| n-Heptane properties were extracted from
the date base of engine combustion network (ECN) and Diesel properties were obtained of the datasheet of the



distributor company. For the current work, the fuel temperature was set at 300 K and kept it constant throughout
the complete test matrix, to avoid temperature effect on lift-off length, ignition delay, and soot formation, {6l [20]
reported some of this effects. The temperature was set at this value in order to compare with the computational
models and avoid changes in fuel properties.

Table 2: Fuel properties.

Fuel property n-Heptane Diesel Units
% 678 832 kg/m3
Kinematic viscosity® 0.56 3.1 mm? /s
Cetane number 56 550 -

Lower Heating Value 44.6 44.5 MJ/kg

@ Density and kinematic viscosity at the fuel temperature of 300 K, and atmospheric pressure of 0.1 MPa
b Minimum value guaranteed by distributor company

2.2. Experimental techniques and setups

2.2.1. Natural luminosity visualization

The light emitted due to the chemical reactions during the combustion process (chemiluminescence) has
been used in this work to determine the ignition delay, that is generally known as the elapsed time between the
start of the injection and the first exothermic reactions [23| [24]. The light can be seen and recorded as a signal
through time, Pickett et al. [25] highlighted the close relationship between chemiluminescence and ignition
delay. The optical setup used for study this parameter consists mainly of a high-speed camera (Photron SA5)
equipped with a 100 mm Zeiss lens and a low pass filter of 390 nm to reduce the luminosity produced from
the combustion and thus, avoid the pixel saturation. Optical components were located in front of the fuel jets,
observing the broadband chemiluminescence produced during the combustion through the frontal window of
the vessel. Ignition characterization has been focused only on a jet in order to improve the temporal resolution
with the increase of the number of samples per second as a result of the reduction of view area and in this way
determine the ignition delay with good accuracy. Detail of the optical setup used is presented in Table

2.2.2. OH* chemiluminescence

Recorded of chemiluminescence from chemicals reactions, mainly by the OH* in the combustion process is a
technique widely employed in combustion investigation [3] [4] [26]. This technique has been used to characterize
the Lift-off length that is defined as the length between injector tip and the zone where the combustion reactions
stabilize, Pickett et al [27] defined the lift-off length (LOL) as an indicator of the time that air and fuel mixing
takes before ignite. Additionally, Peters [28] defined lift-off length as the length from the nozzle tip to the zone
where the jet velocity and flame front speed stabilize at determined conditions. Higgins and Sieber [7], who first
measured LOL using an intensified camera fitted with an interferometric filter, concluding that OH* was a good
indicator to measure the lift-off length. An ICCD Andor iStar camera fitted with a 100 mm £/2.8 UV lens and
a 310 + 5nm CWL filter were used to record the OH* chemiluminescence. A constant intensifier gating time
between 1.8 and 4.6 mm was used in order to capture an average image of the injection time and reduce the
deviation between repetitions. Table|3|summarized the detail from the optical setups.

Table 3: Details of the optical setup for the employed techniques.

Diffused back- Natural OH*
illumination luminosity chemiluminescence
Camera Photron SA5 Photron SA5 Andor-iStar
LED pulse duration 1 us - -
Filter CWL 460 nm 390 nm 310 nm
Frame rate 50 kfps 50 kfps 1 frame per inj.
Resolution 512x272 512x272 1024x1024
Shutter time 2.1 pus 20 ps -
Pixels/mm ratio 5 5.1 8
Repetitions 20 10 10




2.2.3. High-speed color diffused back illumination technique
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Fig. 4: Optical setup used for: high speed color back-illumination, Natural luminosity and OH* chemiluminescence

The principle of this technique is based in the one used for study spray liquid phase penetration and consists
of the consideration of the liquid phase as the dark silhouette of the spray when the background is illumined
with a diffuse beam light. High-speed color diffused back illumination diagnostic setup employed in this study
is composed mainly of a LED light source and a high-speed camera (Photron SA5) on opposing sides of the fuel
jet in a line-of-sight arrangement. A blue LED with a wavelength of 460 nm was selected for this study. Manin
et al. [14]], studied back-illumination with two wavelengths 519 nm (green LED) and 406 nm (blue LED) they
observed that shorter wavelengths are appropriate to measure soot concentration, this corresponds to the blue
LED. The one selected can produce short and high-power pulses of light, and high rate of repetitions. A LED
pulse duration of 1 us was selected as a compromise between intensity illumination and camera speed. LED’s
illumination pass through a Fresnel lens to collect this illumination and focus it over the engineered diffuser
which has a divergence angle of 20 ° and 100 mm of the diameter, the diffuser in conjunction with the Fresnel
lens create a uniform background intensity to illuminate the spray, this optical setup is similar to the one used
by Payri et al. [29]30] to study liquid phase penetration.

A high-speed camera (Photron SA5) was located on the other side of the sprays and was set with a speed of
50.000 frames per second (fps). For this study the camera was equipped with a 100 mm Zeiss lens and a narrow
band-pass filter that transmits from 455 nm to 465 nm (measured at FWHM). This filter was placed in front of
the camera objective and thus, prevents the illumination from the flame come through the camera and only lets
the spectrum of the blue LED to pass through it. The exposure time of the camera was set to 2.1 ps with the goal
of capture the highest intensity period of the LED illumination and to minimize the natural luminosity from the
flame that is captured. A detailed top view of the optical setup for the high-speed color diffused back illumination
technique is presented in Fig.

2.3. Image processing

The image processing is one the most important process of any visualization data study. Images were processed
using a home-built software developed with the purpose of calculating the parameters following the method
explained below:

2.3.1. Ignition delay

Methodology employed to determine the ignition delay (ID) is as follows, the maximum intensity of all pixels
of the imagines captured through the natural luminosity technique was measured for each frame. This intensity
was normalized, and background level was considered by evaluating a range of frame before the injection. A
threshold of 5 % over the background level was fixed to binarize the images, interpolating the time of the first



image that exceeds that threshold and the previous frame. That was made for all repetitions and the final result
is the average between them. Ignition delay reported in this work is respect to the start of injection (SOI).
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Fig. 5: Example of the natural luminosity processing and the calculation of the ignition delay. Left: Intensity profile vs. time. Right: Same as
Left but zoomed and a logarithmic scale near to the ignition start (Tges = 900 K, pgas = 18 kg/m3, oxygen concentration = 21%, diesel, p;y ;=
100 MPa, and injector = PMI20).

This method, despite not describing necessarily the beginning of the high-temperature reactions known as
second stage of ignition (SSI), detects robustly precursor reactions of the combustion thanks to the high sensitivity
of recording and the short temporal gap between frames. This first indication of chemical reactions occurrence is
also associated with the test conditions and how they affect combustion quality and make the spray more prone
to ignition, being a suitable measure to make a direct analysis of the effect of the boundary conditions on the
combustion process.

2.3.2. Lift-off length

The proposed methodology divides the flame from each orifice into a top and bottom profiles to account
differences in flame shape. A fixed threshold of 0.6 between the 5% and 95 % intensity levels of the image was set
for all conditions tested, this value is multiplied by the noise level. For each profile, lift-off length is defined as
the distance between the nozzle tip and the closest point in the flame where its width is bigger than a predefined
minimum width value (named K measured in pixels) over the threshold. K is an arbitrary value for tuning, in this
case, 5 pixels. Finally, lift-off length is defined as the global average between top and bottom profiles lift-offs, for
each spray and every repetition.
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Fig. 6: Test sample of the OH* imaging and LOL intensity profile. Left: sample image from the ICCD Andor iStar, dashed blue line represents
the LOL with a 60% thresold results. Right: intensity profiles for both top (black) and bottom (gray) portions of the flame, dashed red lines
correspond to LOL measured with a 60% of the intensity peak. (Tgas =900K, pgas = 18 kg/m3, oxygen concentration = 17%, pin ;= 200 MPa,
diesel, and injector = PMI20).

2.3.3. Soot formation

Diffused back illumination procedure consists of a successive camera captures where frames with the LED-
on and LED-off are interspersed. The level of intensity in the frames recorded with the LED-on is the product
of the illumination from the LED and the combustion flame, while in the frames recorded with the LED-off,



the illumination is just product of the natural luminosity from the flame thus, the intensity level recorded only
depends on the test point conditions. The camera is responsible for sending the trigger that turns on the LED,
doing this at half the acquisition frequency of the camera and in consequence acquiring one frame with the
LED-on and the subsequent one with the LED-off.

Optical thickness, KL, calculation was based in Beer-Lambert law with a modification as follows.

I—1Ir —KL
= 1
¢ ()

Where I is the measurement of the attenuation of the intensity due to the soot cloud, it is the total intensity from
the LED-on and flame. I is the intensity of the flame with LED-off. Due to the impossibility of measuring I and
Iy at the same time, a motion interpolation algorithm was employed to process the frames and generate the extra
frame between each pair of frames for both conditions (LED-on and LED-off).

The motion interpolation is used to process the images in an attempt to make the animation more fluid and
guarantee that I — Iy is the result of subtracting the two frames at the same time step, a better explanation of
this procedure is detailed in [31]].

1y is the background intensity measured with LED-on and without spray, K is the dimensional extinction
coefficient, and L is the length of the path through the soot cloud. For optical thickness values larger than 4, the
back-illumination technique can’t determine with accuracy the soot concentration due to the high extinction by
the amount of soot in conditions that promote a high formation.

KL has been calculated by averaging 20 injection events, this average help to avoid negative pixels when
subtracting and diminishing beam-steering effects caused by fluctuating density gradients inside the chamber. A
graphic explanation of how the KL was obtained is presented in Fig. |7} the optical thickness is proportional to
the mass of soot along the line of sight of the extinction measurement.
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Fig. 7: Graphic explanation of the methodology implemented to determine the optical thickness (KL).

KL soot

This technique has limitations, one of them is the image lag effect that is associated with the camera per-
formance; when the gradients in illumination intensity occur between successive images, one particular image
intensity distribution may affect the following images. Manin et al. [32] studied this effect and highlighted the
complexity of the process and difficulty to quantify the effects of image lag, also this study revealed that the
image intensity could be affected by a small percentage.

The procedure necessary to obtain the soot volume fraction and the soot mass as measured by extinction has
been done following the steps used by Manin et al. in [14] and the parameters employed to calculated the optical
soot properties through Rayleigh-Debye-Gans (RDG) are similar and they are grouped in the table

KL has been determined from high-speed color diffused back illumination technique for each test condition,
additionally, from equation [2 can be inferred how is related soot volume fraction, f,, with K. The soot volume
fraction could be calculated of measurement of KL extinction using the following relationship derived from small
particle Mie theory [8]).

KX\

ﬁ/:?e )

where ) is the LED wavelength and k. is the dimensionless optical extinction coefficient. The dimensional
extinction coefficient can be obtained following the procedure reported by Pickett [8], which was obtained from



Table 4: Parameters used for the calculations of soot properties.

Parameters Values
Fractal factor Ky 8.36
Fractal Dimension D¢ 1.77
Refractive index m 1.75-1.03i
Extinction coefficient k. 7.59
Aggregate size Ny, 150
Particle diameter dp [nm] 16 nm
Collection angle [mrad] 162 mrad
Wavelength A\ [nm] 460

the Rayleigh-Debye-Gans theory. Additionally, they described widely k., and the values used in soot studies. For
this study, a value of k. = 7.59 was calculated according to equation[3} where i, is the scattering-to- absorption
ratio and m is the refractive index of soot, this value presents good agreement with other works [[14] 33 [18]. The
details of the RDG theory and all the parameters used for calculating the k. are referenced from [[14}[34]).

ke=(1+ ay,) - 67 - E(m) 3)

The soot volume fraction can be calculated using equation [2] but it is necessary to know the values of K and
L by separately, becoming a complex calculus. However, the soot projected density can be calculated integrating
the soot volume fraction along each line-of-sight and following equation

Hg
4
) (@)
Mass of soot was calculated with an assumed density of 1.8 g/cm? for soot, this value was determined by
Choi et al [35], studying the collected soot from an acetylene/air premix fame and using a helium pycnometry to
determine the value of the density. Same density value has been used in similar studies with diesel injectors and
similar optical vessels [36] [15].

3. Results and discussion

This section is formed by three subsections which present all results obtained for ID, LOL, and soot formation.
In Addition, a discussion of the effect of the boundary conditions on the parameters studied through optical
techniques employed.

3.1. ID Results

Ignition delay is substantially affected by both chemical and mixing processes which is consistent with the results
shown in Fig. 8], Fig[9], and Fig. [10] The results found here are in agreement with results found in other studies
(3141161 [7]], and trends follow the behavior expected. An increase in ambient temperature, oxygen concentration or
ambient density leads to an acceleration of the reactions of oxidation, causing an ID shortening. An ignition delay
reduction is also sensitive to occur with injection pressure increments, which promotes turbulence, intensifying
break-up and air-fuel mixing and facilitating combustion occurrence.

Fig. 8] according with the previous statement, shows a reduction of ID with the increase of the oxygen con-
centration and ambient temperature for both injectors and both fuels operating at 18 kg/m® of ambient density
and 100 MPa of injection pressure. Fig. |8 evidence the fuel influence on ID, the differences are more visible at
the lowest temperature as can be observed in Fig. [9] Ignition delay is higher for n-Heptane than Diesel, this
behavior also has been observed by [37,[17,[6]] when they used similar fuels to carry out their experiments. When
comparing fuels in this study, Ignition delay results lead to think that the chemical kinetics is the dominant factor
to the final outcome of the ID delay behavior [38]], which could suggest that Diesel has a cetane number higher
than n-Heptane. This trend between fuel regarding intensity signals was consistent along the full test matrix. In
order to distinguish easily the fuel’s trends through sections[3.1]and [3.2] n-Heptane has been represented with a
dashed light blue line and Diesel with a continuous dark blue line.
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=18kg/m3, and Dinj = 100 MPa). Left: Ignition delay for injector PMI20. Right: Ignition delay for injector PMI25. Continuous dark blue
lines represent Diesel fuel trends while a dashed light blue line is for n-Heptane fuel.

Fig. [9] presents the effect on ID of the ambient temperature and ambient density, where the gas tempera-
ture showed a larger effect than ambient density, it is easily appreciable for lower temperatures. The slopes are
steeper between 800 and 900 K than between 900 and 1000 K. At these relatively low ambient temperatures,
chain-branching reactions are highly dependent on fuel reactivity and oxygen availability for the formation of
radicals [39]]. These figures also show that the different fuels respond consistently, in terms of ignition perfor-
mance, to variations in ambient conditions, as is the case for the nozzle. On the other hand, Lower ID at higher
temperatures are due less hot air needs to be entrained downstream of the liquid length to start the ignition
(40, (6 [41]]. Nevertheless, the effect of different nozzles in ignition delay is difficult to see clearly in Fig. [8|and Fig.
[9 In both plots appear that both injectors have the same behavior and the values found are similar, mainly at
1000 K where the nozzle geometry, fuel, and ambient density seems to have an insignificant effect. Differences
between the two injectors could be caused by the difference in the hole diameter of the nozzle, in this case, the
diameter is bigger at 33 s approximately for the injector 'PMI25’ than 'PMI20’. Smaller diameters promote better
atomization and liquid breakup, due to the thinner liquid core and high fuel outlet velocity [38][42].
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Fig. 9: Ignition delay (SOI) variation with ambient temperature for different ambient density at certain fixed conditions (oxygen contration
=17 %, and pinj = 200 MPa). Left: Injector PMI20. Right: Injector PMI25.

Finally, the effect of the injection pressure on ignition delay can be appreciated clearly in Fig. where is
notorious the imperceptible effect at an ambient temperature of 900 K and oxygen concentration of 17%, IDs
decrease slightly with increasing injection pressure, which is the result of faster liquid break-up and mixture
preparation. Also, this behavior agrees with previous works whose studied ID at different injection pressures
(31 [4].
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3.2. LOL Results

Following the methodology described in section lift-off length was calculated for a large window of test
conditions and parametric variations. Fig. [11] Fig. [12]and Fig. [I3| present stabilized LOLs for both fuels and both
injectors in a subset of the whole dataset, a sweep of oxygen concentration, ambient temperature, and ambient
density at high, intermediate, and low pressures. Results follow the trends expected, and they are consistent
with results reported in literature [3H5l(7]. In Fig. |11]is possible to observe the effect of oxygen concentration
and ambient temperature on lift-off length for both injectors at the same operating conditions, 18 kg/m? of
ambient density and 200 MPa of injection pressure. Influence of oxygen concentration on LOL is clearly noted
and how it is reduced with increases of oxygen concentration, because of the effect of oxygen concentration in
laminar flame velocities, following the concept proposed by Peters in [28]. Alike, the increase of the ambient
temperature causes a reduction on LOL, this happens as a result of variation of the oxidation process; changing
the velocity of the reactions [41].
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Fig. 11: Lift-off length variation with oxygen concentration for different ambient temperatures at certain fixed conditions (ambient density
=18kg/m3, and pinj = 200 MPa). Left: Injector PMI20. Right: Injector PMI25. Continuous dark blue lines represent Diesel fuel trends while
a dashed light blue line is for n-Heptane fuel.

In Fig. [12]is easily noticeable how the ambient temperature and ambient density affect the lift-off length.
Several researchers [3| (6, [43] [7] support the influence of this two parameters on lift-off length, increases of the
gas density in the chamber enhance the evaporation and mixing process causing a reduction in lift-off length.
Also, higher density implies that more oxygen is available to oxidize the fuel and thus, shorter ignition delays are
expected, which reduce the corresponding LOL [7]. At low temperatures is appreciated a more variation than at
high temperatures where the LOLs were more uniform and showed less deviation through each repetition as a
result of velocities of reaction by high temperatures.
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Fig. 12: Lift-off length variation with ambient temperature for different ambient densities at certain fixed conditions (oxygen concentration
=17 %, and pinj = 200 MPa). Left: Injector PMI20. Right: Injector PMI25.

Fig. |13| presents the effects of the injection pressure on lift-off length, contrary to the effect on the ignition
delay, lift-off length increases with higher injection pressures, it can be due to an increase in spray velocity, as lift-
off is the region where the stabilization between jet velocity and flame front speed occurs. For larger injections
pressures thus, larger injection velocities [[44], fuel travels a longer distance for that given ignition delay time. In
Fig. [13|is possible to observe how the LOL is more susceptibility at low temperatures and some LOL measured
points were quite larger being outside of the view area. Additionally, the difference between two injectors is
caused by the difference in the orifice diameters, it was reported in previous studies where was demonstrated
that the LOL is slightly affected by orifice diameter, reporting a high LOL with a larger orifice diameter [6} 3]].
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Fig. 13: Lift-off length variation with ambient density for different injection pressures at certain fixed conditions (oxygen concentration
=17 %, and ambient temperature = 900 K). Left: Injector PMI20. Right: Injector PMI25.

Finally, it is easily appreciable how the fuel type affects the LOL. n-Heptane consistently showed the longest
LOLs, followed by the Diesel fuel. Lift-off length is mainly influenced by the ignition delay time, rather than
flame velocity [6], the observations in this study agree with that conclusion: regarding fuel properties, LOL is
principally determined by the reactivity of the fuel.

As a brief of the sections[3.1]and [3.2] Two fuels with different characteristics were used to investigate ignition
processes and lift-off length. The figures are for a range of ambient temperatures, oxygen concentration, and
densities. All experimental conditions, including fuel pressure and temperature, were kept constant as the fuel
and nozzle type were varied. Comparison of the trends for measured lift-off lengths and ignition delays presents
that there does appear to be a general relationship between fuel ignition quality and lift-off length. At all exper-
imental conditions, a fuel with the shortest ignition delay also has the shortest lift-off length. Furthermore, the
ignition delay follows the expected trend with respect to the fuel cetane number and to the ambient density. ID
decreases with increasing cetane number and with increasing ambient gas density.
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3.3. Mgoot Results

The current section is formed by seven subsections which show the influence of the test conditions on soot
formation as a result of using the high-speed diffused back-illumination technique during the experiments and
employing Eq. [1] Eq. [2| Eq. [3|and Eq. [4|on every frame. At the end of this section, a summarize of all results
obtained of variation of boundary conditions is presented. Each resulting image shows a representation of the
average soot concentration through the flame in the path of the light. When the combustion reached a quasi-
steady state, the influence of ambient density, oxygen concentration, injection pressure, and ambient temperature
was compared. Also, it’s important to mention that energizing time selected for the injection event was 1300 us
for both injectors, and it was kept constant throughout all tested conditions.

Each of the following images is divided into three parts. At the top of the image shows the mass soot evolution
across the combustion flame, the color bar in the image goes from 0 to 0.3 in order to help to visualize the regions
with low soot concentration, at the bottom-left of the image, shows the profile evolution (from right to left hand)
soot formation along the central axis of the fuel jet from 30 to 85 mm of the nozzle tip, this distance corresponds
with the visualization window. Finally, at the bottom-right of the image shows an angular evolution of the mass
soot between -20 and 20 degrees at 60 mm from the nozzle tip. In most images can be observed how the mass
soot is higher at the flame front than in the rest of the flame, Skeen et al. [15] attributed this behavior to an
increase in soot oxidation due to the fast entry of oxidizer behind the head of the spray.

Profile evolution of soot along the axis jet is characterized by three moments, at the first one can be appre-
ciated an increase of the soot due to the domination of soot formation over soot oxidation. Then soot formation
decreases when the axial distance increases due to fuel consumption and soot by the combustion process until
reaching a peak where the soot formation and oxidation are in equilibrium. Finally, an overall decrease of the
soot caused by the domination of the oxidation on soot formation. Liquid length effect on soot evolution can be
appreciated at the first lengths of the evolution causing the optical thickness not to start from zero.

3.3.1. Effect of ambient density

Following the previous procedure, Fig. presents an example of instantaneous Mg, variation using the
injector PMI20 with the ambient density. Soot formation was tested for three different values of ambient density,
10, 18 and 28 kg/m? and a fixed operating conditions of ambient temperature of 1000 K, the oxygen concentra-
tion of 17%, and injection pressure 200 MPa. The effect of density over the soot formation was found to be very
consistent throughout the full test matrix such as Fig.
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Fig. 14: Density effect on soot formation for Ty,,, = 1000 K of , pi; = 200 MPa, Oz =17% and injector PMI20. Left: Diesel fuel. Right:
n-Heptane fuel, soot was not detected at a density of 10 kg/m? or combustion happened far away from the injector tip. The red contour in
the image shows the zones with saturation.

The largest concentration of soot was observed under a high density; similar trends were reported by [12}[13].
Fig. shows a larger concentration of soot at a density of 28 kg/m?, larger soot concentration blocks the
passage of the LED light and give place to image saturation due to the large quantity of light coming from the
soot formation. The red contour in the top image shows these zones with saturation. Also, low soot concentration
was noted at the smallest value of the ambient density, as was expected and it is in agreeing with results found
in the literature [9]. The first zone where the soot appears, it is modified by the density, Fig. [14] shows that soot
formation process was moved near to injector tip when the ambient density was increased, [8][26] explained this
behavior as a result of two factors: lift-off length variation with the ambient density [43] 3] and the effect of the
density in overall air entrainment about the quantity of the fuel injected.

Fig. [14}right, in terms of the value of the peak of Mg, for the n-Heptane case, there can be observed how the
soot formation responds to the different values of the ambient density, variations are for both the amount of soot
and the length where take place the soot formation, that was expected due to the difference of the lift-off length
values with the variation of the ambient density, as shown in Fig. [12} Also, the LOL at the density of 10 kg/m?
was not detected, it was probably due to the combustion process occurred far away from the injector tip and it
started under fuel-poor conditions. In addition, multiple factors that affect the soot production are dependent on
the ambient density (i.e., liquid length, ignition delay, and lift-off length). Additionally, An increase in ambient
density leads to a decrease of the amount of the air entrainment up to the lift-off length [45], which means richer
conditions thus, increasing the soot formation through the flame.

3.3.2. Effect of oxygen concentration

Fig. [15|presents an example of oxygen concentration effects on soot formation for both n-Heptane and Diesel
jets at equivalent test conditions. It shows an axial evolution of the mass soot value at the bottom-left image,
where can be appreciated the decrease in soot formation when the oxygen concentration was lower. The behavior
was as expected and it can be due to the reduction of soot formation rates by the lower combustion temperature,
as well as the increase in the residence time, allowing more time for accumulation of soot [17].
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Fig. 15: Oxygen effect on soot formation at boundary conditions of Ty, = 900 K, pinj = 100 MPa, pgpmp= 18 kg/m3 and injector PMI25.
Left: Diesel fuel. Right: n-Heptane fuel.

Fig. presents how the soot formation varies with different oxygen concentrations inside the vessel, at
fixed conditions ( ambient density of 18 kg/m3, the ambient temperature of 900 K and injection pressure of
100 MPa). This trend was found to be consistent along the complete test matrix. A difference in the distance of
the first visualization of the soot was noted with oxygen concentration, which is as expected, Lift-off lengths are
inversely proportional to oxygen concentration, as shows the Fig. and they are consistent with the results
reported by [4,3]]. Another possible cause for the downstream shift in the soot-forming region with the decrease
in the oxygen concentration is the reduced rate of oxygen entrainment into the fuel jet, caused by the lower
ambient oxygen concentration. Furthermore, increases in oxygen concentration cause soot formation rates to
decrease because of lower combustion temperatures. However, the residence time in the soot-forming region
increases because more time is required to mix with ambient oxygen [17].

In Fig. [15}right, can be appreciated that the soot formation in n-Heptane jet flame at oxygen concentartion
of 17% occurs approximately at 65 mm from the injector tip. LOL at equivalent conditions is 32 mm as shown in
Fig. resulting in a difference of 33 mm (with respect to LOL) , this is consistency with the results presented
n [17]. The reason of the distinct separations with respect to the injector tip is because of the soot formation
takes a finite amount of time for soot precursors appear, then soot is formed downstream of the region of first
heat release, which is started at lift-off length [19].

3.3.3. Effect of injection pressure

Fig. [16] presents the results of the evolution of the soot formation for selected test conditions. In this case,
the injection pressure was evaluated in a range of 100 MPa to 250 MPa for the injector PMI25 at an ambient
temperature of 1000 K, an ambient density of 18 kg/m? and oxygen concentration of 17%. Fig. [16|shows that
an increase in injection pressure causes a large decrease in the soot formation for a fixed ambient condition (gas
temperature and oxygen concentration), this trend was consistent for the whole test matrix for both injectors
and fuels. Payri et al. [9]] observed the same trend in their experimental results, when they changed the injection
pressure in two single hole injectors. Analysis of the data was found that the peak of soot decreases linearly with
increasing injection pressure coinciding with the results presented in [8]].

According to the results presented in Fig. and in the literature [3| 26]. Lift-off length increases when
increasing the injection pressure thus, higher LOL implies a higher distance between the injector tip and the
zone where soot appears [45], it gives place to increase the amount of air entrainment between the injector tip
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and the flame. Additionally, an increase of injection pressure causes an increase in injection velocity affecting the
residence time in reacting region of the fuel jet on soot formation. Therefore, as the injection pressure increases,
there is less time for soot formation inside the flame resulting in a decrease of Mg,o: [8l145].
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Fig. 16: Injection pressure effect on soot formation at test condtoion of Tymp = 900 K, O =21%, pamp= 18 kg/m? and injector PMI25. Left:
Diesel fuel. Right: n-Heptane fuel.

3.3.4. Effect of ambient temperature
An example of the effects of the ambient gas temperature on soot evolution is presented in Fig. [17]for injector
PMI20. The range of the ambient temperatures considered was 800 K up to 1000 K, while the ambient density,

injection pressure, and oxygen concentration were fixed in 28 kg/m3, 100 MPa and 17 % respectively. The trend
observed here was consistent along the test matrix to both injectors and fuels.
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Fig. 17: Ambient temperature effect on soot formation at pi,j = 100 MPa, Oz =17%, pamp= 28 Kg/m3 and injector PMI20. Left: Diesel fuel.
Right: n-Heptane fuel.

Fig.|17| clearly shows a serious variation of soot formation when increasing the ambient temperature. Pickett
et al.[8]], observed the same behavior in their results and they explained it as a result of two factors. The decrease
of the Lift-off length when increasing the ambient gas temperature as shown in Fig. where this effect was
noted and the other factor is the reduction of the amount of air entrainment that occurred upstream of the lift-
off length that means richer conditions. Skeen et al. [15], also observed this behavior. Aside from the effects
of ambient temperature on LOL and air entrainment, another factor that clearly influences the soot formation
behavior of the fuel jet is the effect of the temperature on soot chemistry. It is well known that an increase in
ambient temperature produces increased rates of both soot formation and soot oxidation chemistry [46].

Fig. [17Heft shows a large Mg,o; profile within the Diesel flame, this is due to a high saturation promote by
a high ambient gas temperature (1000 K), reaffirming the large influence the ambient gas temperature on soot
formation, as was mentioned previously. Furthermore, another factor that contributed to soot behavior can be
associated with a faster soot formation and a lack of significant oxidation chemistry in rich soot-forming regions
[44].

Note in Fig. [17]that soot formation was not detected at an ambient gas temperature of 800 K for the injector
PMI20, operating with n-Heptane fuel. However, a slight soot formation appears at a distance of 80 mm from
the injector tip and a time after the start of energizing (ASOE) of 3500 s, this does not correspond with the time

presented in Fig.

3.3.5. Effect of fuel and type injector

Fig. [18|presents the effects of the fuel type and the differences between the two injectors used to perform the
study of the soot formation. Fuels selected to carry out this experiment were Diesel and n-Heptane, in Fig[18}left
for injector PMI20 is notorious the quite differences between the two fuels used on soot production. Furthermore,
can be appreciated the higher amount of soot produced with Diesel fuel than with n-Heptane at the same fixed
ambient conditions. Diesel presents a zone with saturation, can be also noted that the soot formation started first
and nearest to the injector tip (shorter LOL). This difference can be due to a sooting-tendency between n-Heptane
and Diesel [17]. In addition, the higher-sooting propensity of Diesel affects the shape of the axial soot profile in
several different ways.
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Fig. [18}right, presents the different of soot production during the injection event of both real multi-hole
diesel injectors at a same energizing time, the behavior is as expected, due to the amount of soot is associated
with the nozzle hole diameter at fixed ambient conditions (i.e., oxygen concentration, temperature, and density).
This trend was consistent throughout the test matrix. Injector PMI25 has a nozzle hole diameter approximately
30 um higher than the injector PMI20, consequently, the injector with bigger hole diameter injects more amount
of fuel at the same energizing time and produces more soot for the same operating conditions. Although, the
lift-off length decreases slightly with a smaller orifice diameter as was shown in Fig[11] the orifice diameter has
a strong impact on the amount of fuel-air mixing that occurs upstream of the lift-off length, the same trend was
reported by [5,9].

3.3.6. Summary of mass soot formation

In the previous analysis, were represented only a subset of results of the whole dataset. Fig. |[19| summarizes
the soot concentration in each test condition measured and following the same methodology, presented in section
Estimation of the amount of soot was made in a qualitative way for all results obtained through high-speed
color diffused back illumination technique. Notation employed is as follow, in check mark symbol and green, the
conditions where soot was not detected because of it was not formed or it was outside of the visual area (Test
point conditions was measured but soot was not detected), X’ symbol, represents the test conditions that were
not measured (This determination was based on the LOL results and previous soot studies). A color bar shows
the level of soot concentration. Red and a capital letter ‘S, represents the conditions with a total extinction of
the LED illumination due to the high amount of soot at these conditions. Finally, lowercase letter ‘s, represents
conditions with lower saturation.

Results presented in Fig. [19|are in good agreement with the trend found in the literature, increasing oxygen
concentration, ambient gas temperature, ambient gas density, and decreasing injection pressure increases the
soot formation [[16}[14},[17, 9,8l [18]. Injector PMI25 produces a higher soot formation than injector PMI20, section
explains the trend differences between them. Additionally, for Diesel fuel was performed a greater number
of test point than n-Heptane, it due to the combustion of the n-Heptane jet occurs far away of the injector tip or
the combustion begin under a fuel-poor condition.
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Fig. 19: Summary of results of the soot formation under different boundary conditions (whole test matrix), for both injectors, PMI20 and
PMI25, performing with Diesel and n-Heptane.

4. Conclusions

A detailed experimental investigation of the phenomenon of combustion in real Diesel injectors was carried out
evaluating LOL, ID parameters and focusing mainly on soot formation. A new procedure was implemented to
study the evolution of soot formation of two multi-hole nozzles, using high-speed color diffused back illumination
technique. The measurements were performed in an optically accessible combustion vessel over a wide range
of the test conditions (i.e., injection pressures, chamber densities, temperatures, oxygen concentrations). All
experiments were performed for two different injectors and two fuels (diesel and n-Heptane). From the findings,
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it is possible to conclude:

From the results

« Ignition delays and lift-off lengths present a relationship between fuel ignition quality and lift-off length,
throughout the whole test matrix, conditions with a shorter ID also have a shorter LOL. Moreover, IDs and
LOLs found in this study for the fuels used, follow the expected trends, ignition delays and lift-off lengths
decrease with increasing ambient gas density or increasing ambient gas temperature.

« Results of ID and LOL are consistent with the trends found in the literature and results for soot formation
applying the technique proposed are promising. Modifications made in the test rig to carry out the soot
formation experiments with multi-hole injectors were satisfactory. Results obtained are motivating to
performing future studies of soot formation with multi-hole injectors, in order to understand the behavior
of combustion phenomena and allow to compare them with results reported for single-hole nozzles, and
computational models.

« The results found show a large influence of the ambient gas temperature on soot formation. Soot formation
was not detected at a temperature of 800 K, it can due to non-ignition or the combustion take place outside
of the view area. Also, the test conditions at high air temperatures present a high peak in the soot formation,
this behavior is most likely due to the effect of reduced the lift-off length. Finally, must be noted that there
is a relationship between lift-off length and the amount of soot formed for each fuel used to perform the
experiments, this relationship was conserved with the parametric variations in the test conditions.

« Ambient gas density has a significant role in soot formation. Soot formation was not detected at an ambient
density of 10kg/m? inside the vessel. Soot formation increase with increasing ambient density was as
expected, it due to a shortened the LOL, therefore combustion occurs closer to the injector tip and reduces
the amount of air entrainment.

« Injection pressure has a direct effect on soot formation. Soot in the fuel jet decrease with increasing in-
jection pressure, this behavior can be due to the result of combining two effects, an increase of LOL and a
decreased in the residence time in the combustion regions by the higher injection velocities.

« The largest soot formation was observed for injector PMI25 performing with Diesel fuel under critic am-
bient conditions: ambient temperature of 1000 K, ambient density of 28 kg/m?, injection pressure of
100 MPa and oxygen concentration of 17 % (the oxygen concentration of 21% was not tested at an am-
bient temperature of 1000 K because of the high amount of soot that reduces the ability of the Soot-DBI
technique). This trend is the result of combined effects that reduce the lift-off length. Additionally, the
orifice diameter has an important effect on soot formation by its direct influence in the relation air-fuel.

From the back-illumination technique

« Results obtained through Back-illumination technique were found to be consistent with the results reported
in the literature for single hole injectors, and the trends followed the expected behavior.

« Back-illumination technique cannot determine with accuracy the soot concentration at boundary condi-
tions inside the optical vessel that promote high soot formation, it due to the quite amount of soot in the
jet flame that blocked the light from the LED thus, resulting in a reduction of the ability of the technique.
Future works will be done using diffused back-illumination in multi-hole injectors, in order to explore more
boundary conditions and fuels.

« The data gathered provides a basic comprehension of the soot formation process in multi-hole injector, as
well as specific quantification useful for boundary conditions for CFD combustion models.

Finally, the present experimental work constitutes a starting point for futures works with multi-hole Diesel
injectors. A wide range of test conditions was performed which is useful for understanding the soot formation
in fuel jets from real Diesel injectors. Additionally, the experiments were performed for two fuels (Diesel and
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n-Heptane) and two different injectors (PMI20 and PMI25). Also, data provide an opportunity for the develop-
ment and verification of soot and combustion models with multi-hole injectors and measurements available for
comparison include an axial profile in spray axis and a radial profile at 60 mm from the injector tip.
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