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Abstract

In spite of the ever more comprehensive studies on diesel combustion, there is still an important gap on
the fundamental knowledge about the interaction of fuel sprays with the piston and cylinder walls in internal
combustion engines. �e present research corresponds to the second part of an extensive investigation about
the spray/wall impingement process at engine-like conditions and its sensitivity to several operating conditions.
A constant pressure-�ow test rig, which was �lled with air extracted from the environment, was employed to
perform the experiments at reactive conditions. A single-hole injector from the Engine Combustion Network,
referred to as Spray D was employed and a quartz �at wall was set in front of the nozzle by using a supporting
structure a�ached to the vessel. Parameters varied in this work are injected fuel, ambient density, gas tempera-
ture, injection pressure, and wall position in terms of distance from the injector hole and inclination angle. �ree
cameras were simultaneously used to observe the spray-wall interaction (SWI): Schlieren visualization to record
the macroscopic evolution of the spray vapor phase and also to determine the ignition delay, a high-speed camera
was placed in the front of the wall to directly observe the natural luminosity of the �ame through the transparent
wall and, �nally an intensi�ed camera was used to determine the li�-o� length by observing the chemilumines-
cence of OH*. An extensive geometrical characterization of the spray geometry evolution was made and di�erent
metrics were introduced in this work as it is the case of wall li�-o� radius to parametrize the observed formation
of a li�-o� area onto the wall. Similarly, ignition delay showed to be shortened by the presence of the quartz wall
up to 15% due to its nearly isothermal con�guration and its improvement on air-fuel mixing.

Keywords: Combustion, Spray-wall interaction, Post-impingement characteristics, Schlieren imaging, Natural
luminosity, Ignition delay, Li�-o� length, Engine Combustion Network

1. Introduction

�e international community has focused e�orts on the reduction of pollutant emissions produced by human
activities, creating environmental regulations which are ever more challenging to ful�ll. A �eld of special interest
in this context is the one related to the internal combustion engines (ICEs) that are widely used for transportation,
energy generation and industrial application [1–3]. Although plenty of research has been carried out about
injection-combustion topics and many technological innovations have been accomplished for diesel ICEs, the
phenomena involved in the interaction of the fuel jet with a wall when the spray impinges on it is not fully
understood yet [4–6]. �e trend of engine manufacturers of designing ever smaller sized direct-injection diesel
engines, where spray-wall interaction (SWI) is more prone to occur due to the shorter distances between the
injector nozzle and the chamber and piston walls, makes this topic a more serious issue. �e deposition of a fuel
�lm on the walls promotes the formation of unburned hydrocarbons (UHC) along with thermal energy losses
because of the heat transmi�ed through the wall, a�ecting both the emissions limiting capacity and the e�ciency
of the engine. On the contrary, the SWI is expected to improve the gas-fuel mixing inside the combustion chamber,
due to the secondary atomization and the be�er distribution of the spray [7, 8]. Both aspects, and the high
transitoriness of this phenomenon whose temporal scale is in the order of milliseconds, make SWI a process
whose analysis is quite de�ant.
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Nomenclature

Acronyms T Temperature
ASOE A�er start of energizing WLoR Wall li�-o� radius
ASOI A�er start of injection X Horizontal spray spreading
CMOS Complementary metal-oxide-semiconductor Y Upwards spray spreading
CPF Constant-pressure �ow (facility) Z Spray thickness or height
DBI Di�used backlight illumination
D2 Diesel #2 (abbr. used in plot legends) Greek Symbols
ECN Engine Combustion Network ∆p prail − pamb
EGR Exhaust gases recirculation φ Spray angle
ICCD Intensi�ed charge-Coupled Device ρ Density
k-factor Conicity factor used in industry τ Start of SWI
NL Natural luminosity θ Angle (of the wall)
nC12 n-Dodecane (abbr. used in plot legends)
SWI Spray-wall interaction

Subscripts
Variables + Wall upwards direction
C Coe�cients of discharge (de�ned by subscript) 100 Total distillation (temperature)
D Diameter a Area (coe�cient)
d Distance amb Ambient condition
k-factor Conicity factor used in industry f Measured from the front
ID Ignition delay o Nozzle outlet
LoL Li�-o� length rail In-rail, of injection (pressure)
p Pressure thXX Measuring point location (in mm)
R R-parameter w Related to the wall

Computational Fluid Dynamics simulations represent an a�ractive alternative in the study of a topic of such
di�cult experimental approach, even more considering the huge detailed information that can be obtained from
them. Naber and Reitz [9] carried out one of the �rst a�empts to model SWI. �ey considered three di�erent
regimes to model the interaction between the wall and drops: Stick, where the drop remains adhered to the wall,
Re�ect, where drops are considered to rebound specularly and Jet, in which the incident drop leaves tangent to the
surface similarly than a liquid jet. �ose models were tested in the KIVA code and compared with experimental
spray outlines provided by Kuniyoshi et al. [10] obtaining a reasonably good agreement. However, the model of
the spray generally underestimated the measured spray contour due to the limited range of drop size considered
in the simulations. Gonzalez et al. [11] adapted this model to be�er �t the experimental data [12] at cold-
starting diesel conditions. Eulerian-Lagrangian approaches have been employed [13, 14] �nding that splashing
is improved by changing the impact angle of the drops. Several works [15, 16] have pursued the simulation of
the interaction of drops with we�ed and dry surfaces and the e�ect of the heat transfer on atomization has been
taken into account in the models used in [12, 17, 18]. Nevertheless, a particularly di�cult issue is the inclusion
of the e�ects of surface physical properties [19].

Unfortunately, the improvement of CFD models comes hand in hand with the existence and use of experi-
mental data of high quality and reliability. Experiments that have been carried out encompass a large frame of
approaches such as the study of droplets [7, 19, 20] and, in a more scanty way, sprays (multiple drops interacting
with the environmental gas, the wall and between them) [21, 22]. Another variable that has to be considered
is the conditions of the ambient where the fuel is injected. Akop et al. [23] performed a study in an ambient
at atmospheric pressure, while a constant-volume vessel was set at 4.2 MPa and 1000 K by López and Picke�
in [24] with the purpose of analyzing the e�ect of SWI on soot formation. �ose aforementioned experiments
were carried out injecting fuel on a �at wall. Another approximation employed by Picke� and López in another
research [6] was to con�ne the jet inside a �at wall and transparent side walls in order to simulate a piston bowl
for a typical heavy-duty combustion chamber near top dead center. However, the more the experiment resembles
real diesel in-cylinder conditions, the more di�cult is to discuss the individual e�ect of a determined parameter
on SWI. For that reason, less realistic situations are o�en used to insulate the studied phenomenon [25, 7, 23, 26].

�is experimental work contemplates an intermediate approach to the diesel engine-like conditions, employ-
ing a quartz �at wall to study the SWI process in a high-temperature and high-pressure ambient. A wide range
of operating conditions were set in a constant-pressure �ow (CPF) facility, where the wall was located at dif-
ferent inclination angles and distances from the nozzle exit. An experimental single-hole injector, referred to as
Spray D, which was donated by Robert Bosch GmbH to the Engine Combustion Network (ECN) open forum to
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which the authors belong, was employed to perform the study with two di�erent fuels (n-dodecane and com-
mercial diesel). �is manuscript is part of a larger investigation which studies the spray-wall interaction both at
inert conditions and at reactive ones by changing the ambient gas between N2 and O2 respectively. �is paper
covers the reactive part of the research, where combustion indicators such as li�-o� length and ignition delay
are measured together with macroscopic characteristics of the reactive spray when it spreads along the wall.
�ree imaging methodologies were used simultaneously: Schlieren to observe the vapor phase of the spray, OH*
chemiluminescence and natural luminosity. �e last has been used to have a frontal view of the impinging �ame
through the transparent wall.

�e paper is structured as follows: right a�er this introduction, the experimental test rig, the optical setup
and the processing routines are described. A�er that, results are presented and analyzed. Finally, the conclusions
section summarizes the most important �ndings of this work.

2. Materials and methods

2.1. Hardware

2.1.1. Visualization test rig
�e high-pressure and high-temperature test chamber (hPhTC) shown in Figure 1-le�, was used to perform

the experiments. �e ambient gas, initially stored in reservoirs from a compressor, is introduced into the test
rig through a 30 kW electric heaters system that is in the bo�om of the vessel in order to control ambient gas
temperature. A�er the gas is exhausted from the chamber, it is cooled down and recirculated to the compressor
again or thrown to the atmosphere depending on the desired concentration of oxygen [27, 25]. In this experiment,
the air is introduced from the atmosphere in an open loop con�guration in order to have a standard air oxygen
concentration around 21%. �e control system is a closed loop PID, where both the pressure in chamber and
the heaters output power (and therefore, in-chamber conditions of temperature and density) are controlled. �e
vessel has a double wall con�guration in order to improve the temperature homogeneity within the chamber and
reduce thermal losses. �e outer wall has a purely structural function, and it is separated from the inner one by a
thick insulating layer. �is facility, is not only able to operate at conditions up to 950 K and 13 MPa, but also has
the singular feature of provide nearly quiescent and steady thermodynamic conditions, which allows to perform
wide-range test matrices with multiple repetitions in short testing periods and grants a be�er reproduction of real
engine-like conditions. �e chemical composition of the ambient gas in the chamber is continously monitored
by a lambda sensor [27, 28].

Lateral window (x2)

Frontal
window

Injector
holder

Injector

Gas exhaust
pipe

(a)

(b)

Figure 1: High-pressure and high-temperature vessel. Le�: Test rig photograph. Right (a): Field of view of the lateral window. Right (b):
Field of view of the frontal window (dw = 50 mm; θw = 60◦)

�e hPhTC has three orthogonally-placed windows that are used for optical access. �ose windows are
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128 mm diameter, providing the �eld of view that is shown in Figure 1-right (a) from the lateral ones and Figure
1-right (b) from the frontal one. In the images, the wall is shown in a con�guration of dw = 50 mm and θw = 60◦,
considering those values the distance between the wall and the injector tip and the angle of the wall respect to
the horizontal plane.

2.1.2. Injection system
�e injector used for the experiments is the ECN Spray D axial single-hole injector (serial #209135), which

is one of the target injection hardwares of the Engine Combustion Network [29–31]. It has a convergent nozzle
(with a k-factor of 1.5 ) that is provided with a rounded inlet in order to avoid cavitation to occur. �is mono-
ori�ce injector has a nozzle outlet diameter of 192 µm and has been hydraulically characterized by Payri et al.
[32]. Several geometrical characteristics of the nozzle can also be found on the ECN database [29]. Finally, this
injector is used with n-dodecane (nC12) and diesel #2 (D2) as indicated in Table 1, in order to analyze the e�ect
of fuel properties on reacting SWI.

2.1.3. �artz wall system
A transparent JGS1 quartz block (100× 60 mm2 surface and 10 mm depth) has been used as subject for

spray-wall interaction. �is has been possible by the use of the supporting system shown in Figure 2 [25]. An
injector cap is placed as a layer between the hot ambient and the injector body, and it has been painted in ma�e
black to prevent re�ection of the light emi�ed by the �ame. Two folded sheets are screwed to this injector cap in
order to hold two ‘U’ shaped structures that hold the wall in di�erent positions. �e position of the wall in terms
of distance respect to the injector tip (dw) and inclination angle (θw) is controlled by using di�erent exchangeable
frames (shown in green in Figure 2-le�), that come in pairs with di�erent shapes to set di�erent conditions with
good accuracy. �e frames are a�ached to the wall holder that is pressed against the wall by the use of four
adjustable hooks.

dw

θw
z y

y·sin(θw)

x

Figure 2: Wall support system. Le�: Lateral view. Right: Frontal view

2.2. Test plan

A wide range of conditions has been included in the test matrix for this study, which can be seen in Table
2. Most of them are target conditions of the ECN group[29], while some others are used in order to cover a
larger spectrum. Particularly, six di�erent combinations of wall positions have been used, along with the two
fuels previously described. Injection pressure, ambient temperature and density were also changed within a
range of diesel-like real conditions. Ten repetitions have been performed in each test condition. Additionally,
injection frequency has been con�gured to 0.25 Hz, a�er experimental evaluation to ensure rep-to-rep control
and repeatability of boundary conditions.
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Table 1: Fuel properties for n-dodecane and diesel #2 [29].

Fuel Property n-Dodecane Diesel Units

T100 489 623 K
Cetane number 87 46 -
Lower heat value 44.17 42.975 MJ/kg
Fuel density1 752.1 843 kg/m3

Aromatics concent. 0 27 %
H2 mass concent. 15.3 13.28 %
Kin. viscosity2 1.5 2.35 mm2/s
Flash point 356 346 K
Sulfur content 0 9 ppm
Plot legend3 nC12 D2 -
1 Value at 15 ºC
2 Value at 40 ºC
3 Name employed in plot legends due to spacing reasons

Table 2: Test conditions summary.

Parameter Values Units

Injector Bosch 3-22 Spray D -
Fuela nC12 - D2 -
Energizing time 2.5 ms
Tip temperature 363 K
Oxygen perc. (O2%) 20.9 (standard air) %
Gas temperature (Tamb)a 800 - 900 K
Gas density (ρamb)a 22.8 - 35 kg/m3

Injection pressure (prail) 50 - 100 - 150 - 200b MPa
Wall distance (dw)a 30 - 50 mm
Wall angle (θw)a 30 - 45c - 60c - 90 ◦

a Not all possible combinations have been tested.
b Only for diesel tests.
c Only for dw = 50mm.

2.3. Experimental techniques

2.3.1. Optical setup
�ree cameras were simultaneously used to obtain spray and/or �ame images from di�erent approaches and

purposes, employing the optical arrangement shown in Figure 3, where the main light paths of the di�erent tech-
niques are shown in dashed lines of di�erent colors. Schlieren imaging (blue) has been used for the visualization
of the vapor phase of the spray and the burned gases produced in combustion. OH* chemiluminescence (green)
has been employed in order to estimate the �ame li�-o� length location by observing the light emi�ed by the
OH* radicals while decay to their ground state. Finally, a high-speed camera is located in front of the vessel to
directly observe the �ame spreading onto the wall through natural luminosity (NL) diagnostics (red).

In the case of Schlieren imaging, a continuous Xe-Arc lamp that is connected to an optical �ber ends in the
point light source seen in the scheme. �en, light travels to a parabolic mirror that collimates the rays that go
through the chamber. �ose rays are collected by a biconvex lens that makes them converge to the Photron
SA-X2 camera. In the chamber, density gradients a�ect refraction index and deviate the rays from their parallel
original path, making those deviated beams not to reach the camera due to the narrow diaphragm gap.

Photron SA-X2
camera

Diaphragm

Parabolic
mirror

Point light source

Photron SA5
camera

CWL480nm
�lter

CWL390nm �lter

Andor
iStar camera

Biconvex
lens

Narrow
CWL310nm

�lter

Test
vessel

Single-hole injector

Transparent wall

Schlieren path

OH* chemilum. path
Frontal NL path

Figure 3: Optical setup employed in the experiments. Schlieren imaging, OH* chemiluminescence and natural luminosity have been simul-
taneously used.

�e frontal high-speed camera has been con�gured with a long exposure time in order to detect �ame regions
with low intensity and precursor chemical reactions at the beginning of the exothermic processes that lead to
combustion, however, a bandpass �lter has been used in order to avoid image saturation. Finally, an ICCD Andor
iStar camera, ��ed with a 100 mm f/2.8 UV lens and a 310 ± 5 nm CWL �lter was employed to capture a single
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image per injection event. �is image is taken only in a time gap during the steady part of the combustion, in
order to avoid deviations. �e ICCD camera has been inclined 6° not to obstacle the Schlieren arrangement and
this inclination has been corrected a�erwards via image processing. More details about the setup of the optical
arrangement can be found in Table 3.

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

Camera Sensor
type

Filter
CWL

Exposure
time

Frame
rate

Px/mm
ratio

Schlieren imaging Photron SA-X2 CMOS 480 nm 3.28 µs 40 kfps 5.88
OH* chemiluminescence Andor-iStar ICCD 310 nm 2.5 ms∗ 1 frame/inj 8.82
Frontal NL Photron SA5 CMOS 390 nm 19.25 µs 25 kfps 9.60
∗ For the ICCD camera, a TTL-delay was set from 1.5 to 3 ms (ASOE) depending on the ignition delay.

2.4. Image processing methodologies

2.4.1. Videos from high-speed cameras
Image processing is one of the most relevant parts of any data analysis extracted via visualization. Di�er-

ent types of images have been extracted from the di�erent optical setups previously described and have been
processed with an in purpose-developed routine in Matlab. �e process is broadly the same for all the movies
from high-speed cameras. Nevertheless, a preprocessing step de�nes the kind of image in terms of the optical
technique in order to classify them by background type (dynamic-static, dark-illuminated, etc.).

�e strategy consists basically on de�ning the background of image and subtracting it from all the images, to
normalize its luminosity levels. Background is considered to be static in natural luminosity images and is taken
by averaging a determined number of images before the start of injection (this number is dependent of camera
frame rate). In Schlieren imaging, the background is calculated for each image as it is considered as dynamic
(with variations that are noticeable, but signi�cantly slower than spray evolution). Schlieren contour calculation
is based on the independent use of two criteria that are �nally combined to obtain a single binarized image where
white is “spray” and black is “background”: the �rst one, the only one used for NL images, is based on the use of
a �xed threshold on the intensity levels of the images, and the second one is based on the study of the standard
deviation of two consecutive images in order to detect variations on spray pixels that are stronger than the ones
of the background. �e images obtained with each criterion are �ltered via morphological operations in order
to prevent background irregularities, then they are combined in a weighted average, obtaining the �nal spray
contour. Figures 4 and 5 are some samples of the contours that are obtained with this approach for both Schlieren
and NL images.

tASOI = 0.388 ms

tASOI = 1.263 ms tASOI = 2.138 ms

Tamb = 800 K; ρamb = 22.8 kg/m³

dw = 50 mm

θw = 45 º;

prail = 200 MPa;

Fuel = D2

Tamb = 800 K; ρamb = 35 kg/m³; θw = 90 º; Fuel = D2dw = 30 mm;prail = 50 MPa;

tASOI = 1.061ms tASOI = 1.111 ms tASOI = 1.161 ms tASOI = 1.261 ms tASOI = 1.311 ms tASOI = 1.501 ms tASOI = 1.751 ms tASOI = 2.211 ms

Figure 4: Series of spray images and contours of a random sample of the reacting spray recorded via Schlieren (Tamb = 800 K; ρamb =
35 kg m−3; prail = 50 MPa; dw = 30 mm; θw = 90°; Fuel = D2).

�e contours obtained with the aforementioned approach are used to calculate di�erent variables. Figure 6
shows how spray spreading (Y+) and spray thickness (Zth) are de�ned, the la�er measured at three di�erent
distances (10 mm; 20 mm and 30 mm) from the “collision point” or the interception between the spray axis and
the wall plane. Additionally, the derivative of spreading respect to the square root of time (∂Y+/∂

√
t) has been

calculated and reported under the name of R-parameter (RY ). �is derivative has shown in di�erent researches
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+ + + +

tASOI = 615 μs tASOI = 1139 μs tASOI = 1377 μs tASOI = 1758 μs tASOI = 2329 μs

Xf++Xf-

Yf+ · sin(θw)

ΔXf

+

tASOI = 3091 μs

Yf- · sin(θw)

Δ
Y

f
· s

in
(θ

w
)

Tamb = 900 K; ρamb = 22.8 kg/m³; θw = 60 º; Fuel = D2dw = 50 mm;prail = 100 MPa;

Figure 5: Sequence of the �ame spreading event observed through the transparent wall. (Tamb = 900 K; ρamb = 22.8 kg m−3; prail =
100 MPa; dw = 50 mm; θw = 60°; Fuel = D2).

to be useful to study both free penetration and spray-wall spreading, and to establish analogies between them
regardless of the temporal reference [27, 25, 33] at inert cases or to de�ne the behavior of the reacting spray
evolution [3].

Zth30

Zth20

Zth10

Y+

+

Injector tip
Spray spreading: defined as the

tip of the spray in SWI. Calculated

as the furthest point of the spray

contour respect to the “collision

point”.

Spray thicknesses: calculated as

the spray height at 3 different

distances from the “collision point”.

Figure 6: Indication of the geometrical features that are obtained from the Schlieren images.

On the other side, the parameters that are measured from the frontal natural luminosity images are shown
in the three �rst frames of Figure 5. First, frontal �ame spreading is measured vertically (Yf+ and Yf−) both
downwards and upwards and applying the correction of the wall inclination angle. Flame spreading is also
measured horizontally in both le� and right directions (Xf+ andXf−). Finally, the �ame width in both horizontal
and vertical orientation (∆Yf and ∆Xf ) are computed too as the sum of two spreadings in opposite direction.

Di�erent temporal variables are also calculated taking advantage of the high temporal resolution of the
Photron CMOS cameras. Speci�cally, the start of spray-wall interaction (τw) and ignition delay (ID) were pa-
rameters of special interest in this work and were calculated from the Schlieren images. τw is obtained from
free penetration as the time when it equals dw . Nevertheless, to prevent a misdetection of this time due to dark
pixels from background near from the wall, numerical gridded �t is created from penetration data. �is �t is then
extrapolated to dw and the time when they match is taken as τw . �is methodology is explained more in detail
in the inert part of this research [33].

Schlieren imaging is also used for ignition delay calculation. Two di�erent ignition delays can be observed
from those images: the �rst stage of ignition, also known as start of cool �ames (SoCF), when the �rst indications
of chemical reactions occur and the head of the diesel spray adopts a refractive index similar to the one of the
hot air of the ambient [28], and the second stage of ignition (SSI), where high-temperature reactions take place
and the spray presents incandescent �ames and rapid expansion. An intensity-based strategy that is extensively
used in free diesel sprays [34, 3] has been employed in this paper to calculate the second stage of ignition, which
is hereina�er the reported ID. �e pixel-by-pixel intensity into the detected spray contour is calculated frame
by frame. It is totalized as plo�ed in Figure 7-top and then derived to obtain the intensity increment as a time
resolved signal, shown in Figure 7-bo�om, where the di�erent repetitions are shown in dots and the polynomial-
averaged curve is shown in black lines. �e local maximum of the intensity increment (intensity derivative) is
taken as ID.
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Figure 7: Principle of calculation of ignition delay based on the evolution of the spray intensity and its derivative. Top: Spray intensity raw
data per rep and averaged. Bo�om: Spray intensity variation at the same conditions

2.4.2. OH* chemiluminescence images
For li�-o� length (LoL) calculation, OH* chemiluminescence images have been processed following a strategy

based on the methodology employed by Gimeno et al. in [35]. A raw image (consider the sample in Figure 8-le�)
is taken and a �xed threshold of 0.3 between the 5% and 95% of the max intensity level is used to mask the image,
covering the pixels below this value (Figure 8-right). �en, the �ame is divided into two bo�om and top halves
and a �xed radial distance in the detected �ame is used for the two halves of the image to de�ne a region of
interest. �e location of the corrected le�most pixel above the 50% of the max intensity level in this region is
considered as li�-o� length. Finally, the reported LoL is obtained by averaging the calculated in the two halves
and also all the respective repetitions of the targeted test.

1

Tamb = 900 K; ρamb = 22.8 kg/m3

prail = 50 MPa; xO2 = 0.21
dw = 50 mm; θw = 60°; Fuel = D2

+

LoLtop

LoLbot

RAW MASKED

Figure 8: OH* imaging sample and variables calculation. Le�: Raw image. Right: Image a�er being masked from binarization results.

3. Results and discussion

3.1. Ignition delay

Ignition delay is de�ned as the time elapsed from start of injection to the start of high-temperature reactions that
lead to the air-fuel mixture combustion [36, 37]. Figure 9 depicts ignition delay for di�erent conditions. �e le�
set of plots shows di�erent operating conditions while the right one illustrates di�erent fuels and wall positions.
As it could be expected from free-jet literature, ignition delay is strongly shortened by ambient temperature as
main factor. In the case of the target conditions of this study, ID shortenings close to 60 % are observed from
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800 K to 900 K. Density promotes an enhancement on the mixing process and a larger oxygen availability and
injection pressure increments the turbulence level, both representing in a lesser extent (between 17 % and 30 %)
a reduction on ignition delay. All the e�ects get less relevant for short ignition delays.

�e right set of Figure 9 shows the dependence of ignition delay on wall conditions and fuel properties,
including the no-wall case. �e high volatility of dodecane respect to diesel #2, shown in the �rst part of this
work [33] in terms of liquid phase behavior, makes it prone to ignite before. �is observation is in accordance with
the results and with the cetane indexes shown in Table 1, being nC12 cetane number approximately two times
the diesel one. Wall angle does not seem to have a signi�cant e�ect on ignition delay. By previously observing
that the smaller the wall angle, the larger the stable liquid spreading, it could lead to think that ignition delay
should diminish with angle increase. However, rather than an improvement in the evaporation process due to a
be�er atomization, this happens solely by the jet deviation on the wall that, when it is inclined, has a preferential
direction while in a perpendicular wall the liquid spreads in all directions. To con�rm it, an adequate further
analysis could be computation of the liquid volume of a spray that impinges onto an inclined wall, as done for
the θw = 90° wall, by the use of a di�erent optical technique. With regard to the droplet break-up caused by the
wall, it does not present signi�cant changes with collision angle, but its presence de�nitively makes a di�erence
respect to the free-jet case, where the lack of this secondary break-up (and of its consequent increment on local
turbulence levels) induced by the beginning of SWI delays the ignition.
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Figure 9: Ignition delay calculated for di�erent conditions. Le� set: ID vs injection pressure varying ambient temperature and density. Right
set: Variation of ignition delay vs. wall angle at di�erent wall orientations and fuels (free-jet included).

�is is be�er observed in Figure 10, where ID is plo�ed for all the points with SWI (Y-axis) against points at
the same operating conditions but with no wall in the chamber (X-axis). �e two plots gather the same points
with di�erent variables used to identify them by color, marker, etc. It can be seen that short ignition delays are
quite similar in both cases since they take place before the spray reaches the wall, in other words, with no SWI
or a very short proportion of SWI in the mixing process before ignition delay. As ignition delay gets longer, it
starts to be a�ected by the wall due to the acceleration in the reactions produced by the mixing and turbulence
improvement reaching reductions up to 15 %. Furthermore, ID is consistently shorter for dw = 30 mm because
of the earlier impact between the spray and the wall.

3.2. Reacting spray-wall interaction via Schlieren

Schlieren visualization has been performed to obtain the spray morphology evolution in its vapor phase. �e use
of this approach implies that the detected spray covers both the vapor phase of the fuel and the gaseous burned
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products of combustion that are similarly part of the spray. �e behavior of the spray covered by this de�nition
is what is reported and herea�er referred to as “vapor”. Figure 11 shows spray spreading onto the wall for both
reacting and inert conditions by changing oxygen concentration (the inert tests points were extracted from [33]).
�e top plots show spreading for di�erent ambient temperatures and the bo�om plots illustrate the behavior of
RY for the same conditions. �e plots are temporally referenced a�er the start of SWI and ignition delay (under
this reference) is identi�ed with a circular marker. �erefore, if it is not in the plot it is because ignition did
not occur (inert cases) or it happened before impacting the wall (high reactivity points). �e �rst thing that can
be noticed is how spreading is larger for the reacting spray due to the combustion-driven expansion respect to
the inert case. Ignition close or before the spray reaches the wall changes the initial conditions of the observed
spreading, but its growth is still faster for the reacting spray. R-parameter analysis shows an indicator of the
spray momentum [27] and is in agreement with the observations made in [27, 3] for both inert and reacting
free-sprays respectively: R-parameter is constant with time for the steady part of the spray at inert conditions.
On the other side, a�er ignition, there is a “bump” on spreading caused by the spray sudden expansion, then
it decelerates resulting into a “valley” in the RY curve. Finally, RY rises and reaches a higher value than the
one exhibited by the inert spray, in accordance with the larger spreading velocity of the cases with an oxygen
concentration of 20.9%.
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Figure 11: Spray spreading along the wall (top) an its R-parameter (bo�om) for both reacting and inert conditions (di�erent oxygen concen-
trations) and gas temperatures (ρamb = 22.8 kg m−3; prail = 100 MPa; dw = 50 mm; θw = 30°; Fuel = nC12). Le�: Test conditions at Tamb
= 800 K. Right: Gas temperature Tamb = 900 K

Figure 12 depicts the e�ect of rail pressure and ambient temperature. Ignition delay is reduced by an increase
on injection pressure. Nevertheless, τw is shortened too, so in this particular case, ignition delays and R-parameter
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bumps seem to be phased under this “a�er τw” reference. Spray momentum is proportional to R-parameter and
increases with injection pressure. On the other hand, ambient temperature have a noticeable e�ect on spray
spreading. Inert results [25, 33] discard important e�ects of temperature as a product of the aerodynamic inter-
action between the spray and the atmosphere. �e large e�ect of ambient temperature on ignition delay in terms
of timing and then, on how premixed is the air-fuel mixture before ignition is the factor that drives di�erences
on spray expansion between Tamb = 800 K and Tamb = 900 K. �is is specially observed in the plots of Figure 12,
where the points in the le� ones have ignition onto the wall and the right set shows sprays with ignition before
SWI.

On the other side, Figure 13 illustrates the e�ect of fuel properties and air density. As expected, the spray is
faster for low gas densities despite the consequent increment on ignition delay, due to the variation in the air
entrainment rate. �e e�ect of fuel physical properties in the case of diesel and dodecane seem to be negligible in
comparison to the one produced by the di�erences on ignition delay (in regards of fuel reactivity), which causes
a slight di�erence in stable conditions and a possible overlapping in transient stages that are out of phase due to
the ignition delay gaps.
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Figure 12: Reacting spray spreading (top) and its respective R-parameter (bo�om) for di�erent injection pressures and ambient temperatures
(ρamb = 35 kg m−3; dw = 30 mm; θw = 30°; Fuel = D2). Le�: Air temperature at 800 K. Right: Vessel set at Tamb = 900 K

Spray-wall spreading at di�erent wall distances and angles is shown in Figure 14. Spreading curves at θw = 90°
start with an apparent initial value while inclined walls depict a smoother beginning due to the already present
spray width, whose projection is more signi�cant in the perpendicular wall, and specially for those sprays that
have ignited and whose width has been expanded by the combustion. Furthermore, the e�ect of the angle is clear:
the distribution of spray momentum a�er the impact is not homogeneous in all directions of the wall, being more
relevant in the direction of the least deviation. �is direction is always upwards the wall, which is the one in
which spreading is measured. �e most homogeneous case is the perpendicular wall, while spreading gets faster
for more inclined con�gurations. On the other hand, the only in�uence of wall distance on spreading is given by
the relative ignition delay (or advance) respect to the start of SWI (i.e. for a dw = 50 mm case, ignition delay is
prone to occur before the spray hits the wall or at least to be less spread onto the wall). �is is in agreement with
[25, 33], where the e�ect of wall distance on spreading R-parameter is negligible at non-reacting conditions.

Regarding spray thickness, as mentioned, it has been measured at three di�erent distances from the collision
point (10 mm; 20 mm and 30 mm) observed in the three rows of plots of Figure 15, where again a direct compari-
son of inert [33] and reacting conditions is made. �e two columns of plots are di�erenced in terms of having long
or short ignition delay conditions (gas density and temperature), observing ignition occurring a�er SWI start in
the case of the le� graphs, and before τw in the right ones. In the ID > τw cases, spray thickness is the same
for both inert and reacting atmospheres until ignition occurs. Once this happens, a strong combustion-induced
expansion is observed, and it gets progressively larger as the measuring distance is further from the collision
point. On the other side, the cases where ID < τw show a slight advancement of the reacting curve respect to the
inert one due to this expansion occurred at free-jet conditions, and also a thicker spray, which means that the

11



S
p
ra

y
−

w
a
ll 

s
p
re

a
d
in

g
 [
m

m
]

 

 
T

amb
 = 800 K

p
rail

 = 50 MPa

Fuel
 
= D2

d
w

 = 50 mm

θ
w

 = 30 º

0

5

10

15

20

25

30

35

40

ρ
amb

 = 22.8 kg/m
3

ρ
amb

 = 35 kg/m
3

 

 
T

amb
 = 800 K

p
rail

 = 50 MPa

Fuel
 
= nC12

d
w

 = 50 mm

θ
w

 = 30 º

ρ
amb

 = 22.8 kg/m
3

ρ
amb

 = 35 kg/m
3

Time after τw [ms]

∂
(Y

+
)/

∂
(t

1
/2

) 
[m

/s
1
/2

]

0 1 2 3
0

0.5

1

1.5

2

Time after τw [ms]
0 1 2 3

Figure 13: Reacting spray spreading (top) and its respective R-parameter (bo�om) for di�erent air density and fuel (Tamb = 800 K; prail =
50 MPa; dw = 50 mm; θw = 30°). Le�: Points with Fuel = D2. Right: Points using n-dodecane as fuel.
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Figure 14: Reactive wall spreading (top) and their R-parameter (bo�om) for di�erent wall positions (Tamb = 800 K; ρamb = 35 kg m−3; prail
= 50 MPa; Fuel = D2). Le�: Tests with injector-wall distance of 30 mm. Right: Wall located at 50 mm from the injector tip.

in�uence of this expansion on thickness is not prevented even if ignition takes place before the start of SWI.
At lower temperatures, ignition is more delayed and therefore, the air-fuel mixing process before combustion

gets longer, combustion is more premixed and spray expansion shows to be stronger. �is is observed in Figure 16-
le�, where steady thickness is narrower for the high temperature point even when its spray front reaches the
measuring points before. In the right side plots, injection pressure shows a negligible in�uence on stable thickness
in SWI since its e�ect on ignition timing is solid but not as strong as the case of Tamb and ρamb.

Air entrainment into the air-fuel mixture is incremented at high air densities, which results into a larger
spray thickness, as it is illustrated in Figure 17-le�. �is e�ect, that could be expected from the knowledge of the
spray angle behavior at free-jet situations and the visualization of spray-wall thickness at inert SWI conditions
[38, 27, 33], is even more important than for inert sprays due to the lower density ratio ρf/ρamb of the products
respect to the unburned fuel [39]. On the other side, the e�ect of changing fuels is primarily given by the
di�erence in fuel density and it becomes more relevant due to the aforementioned reduction of density ratio
a�er li�-o� length and ignition timing gaps between fuels.
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�e e�ect of varying wall position is shown in Figure 18, where ignition delays that are shorter than τw
were plo�ed since ID remains the same and it is not in�uenced by the wall. �e case with the wall placed
at 50 mm from the injector tip has a longer time between ignition and τw , what is to say, more time with air
entrainment in a free-jet regime with a spray partially composed by burned products with a lower density than
the unburned fuel before ignition. �is causes a larger thickness at large wall distances as visible in Figure 18
le� set of plots. Regarding wall angle, the more perpendicular it is, the slower thickness stabilization is. Also, it
has to be taken into account that the observed thicknesses, specially in the 90° case, are given by the very front
vortex that covers the spray in its periphery, since a visualization of a transversal cut of the spray is not possible
via Schlieren imaging.

3.3. Frontal �ame direct visualization

As previously mentioned, �ame spreading was visualized from a frontal view through the transparent wall.
Figures 19; 20 and 21 show the behavior of both horizontal spreadings towards the le� and the right sides of the
captured image (Xf− and Xf+ respectively) in the top plots, and the �ame width ∆Xf in the bo�om ones.

Di�erent ambient temperatures and injection pressures are shown in Figure 19. Both le�wards and rightwards
spreadings are quite symmetrical, which indicates both a good alignment of the wall arrangement and a proper
homogeneity of ambient conditions in the chamber. �e trends remain as observed in vapor upwards spreading:
injection pressure increments spreading velocity in all wall directions. High Tamb makes the �ames to appear and
be detected sooner. However, the �ame growth of the low air temperature case (more premixed spray) is more
abrupt and sudden.

Figure 20 shows horizontal spreading at di�erent densities and with the two fuels, while the e�ect of varying
wall angle and distance is illustrated in Figure 21. Most of the e�ects are expected from the behavior observed for
vapor upwards spreading. However, the e�ect of wall inclination angle is hugely reduced respect to the spreading
seen from the side. In this case, the axis in which spreading is measured and the axis of rotation of the wall are
the same, which makes that regardless of inclination, the horizontal projection of it is 90° respect to the free-jet
axis, having a similar distribution of spray momentum in that direction for di�erent wall angles. Despite of the
fact the view range in the horizontal direction is limited to 40 mm due to the wall design, it is still enough to
appreciate �ame behavior before steady phase and its consistency with the results of vapor spreading.
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.

3.4. Li�-o� length

Di�erent optically accessible LoLs are shown in Figures 22 and 23. Nevertheless, li�-o� lengths that tend to be
large at free-jet conditions, specially taking into consideration the large diameter of the injector ori�ce (192 µm),
are susceptible to be covered by the very thickness of the �ame that is in interaction with the wall [40]. It
similarly happens for test points with the wall located at dw = 30 mm, considering that the observed thicknesses
are normally around 15-20 mm in length. Figure 22 illustrates li�-o� length for di�erent operating conditions
(le�) and wall positions and fuels (right). Di�erent authors [36, 41, 35] agree that li�-o� length is strongly
controlled by ID. From there, it can be understood that li�-o� length is short for high ambient temperatures and
densities. Also, as the e�ect of injection pressure on ignition delay is not as strong as the others, similar IDs
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Figure 19: Flame horizontal spreadings and width for di�erent prail (ρamb = 22.8 kg m−3; dw = 50 mm; θw = 90°; Fuel = nC12). Le�: Tamb
= 800 K. Right: Tamb = 900 K.

at higher injection pressures (spray velocities), li�-o� length formates at further distances, with a nearly linear
proportion. Additionally, di�erences in fuel reactivity a�ect LoL, which is between 10 % and 13 % shorter for
nC12 compared to D2, as shown in the right side graphs.

Wall angle shows not to have apparent e�ect on li�-o� length, and also the values shown in Figure 22-
right at dw = 50 mm have the same li�-o� length than free-jet conditions (red). Unfortunately, almost all dw =
30 mm points of the test matrix have their LoL covered by the very �ame thickness. However, all visible LoLs
at SWI conditions are plo�ed in Figure 23 compared to free-jet points at the same operating conditions, being
practically unchanged for the two cases. �is indicates that the quartz wall does not a�ect ambient conditions
and it is consistent enough to consider that li�-o� length is not a�ected by wall position, or even by the presence
of the wall, at least in the range in which LoL is located upstream from the wall and ignition conditions are met
before reaching it. In spite of several works describing a reduction on li�-o� length with wall distance at high
spray momentum conditions [42, 6, 43], they agree in the employment of bowl-like wall geometries and conclude
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Figure 20: Flame horizontal spreadings and width for di�erent ρamb (Tamb = 900 K; prail = 150 MPa; dw = 50 mm; θw = 30°). Le�: Fuel
= D2. Right: Fuel = nC12.
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Figure 21: Flame horizontal spreadings and width varying wall angle (Tamb = 800 K; ρamb = 35 kg m−3; prail = 200 MPa; Fuel = D2). Le�:
dw = 30 mm. Right: dw = 50 mm.

that the main cause of this LoL shortening at SWI conditions is the re-entrainment of hot gases that are products
of combustion and that are entrained back into incoming fuel jet due to the wall curvature, which is not the case
in the present research. It is important to highlight that the plotted li�-o� results are the visible through lateral
OH* chemiluminescence, which are the ones whose ignition delay is less susceptible to be affected by SWI.

As mentioned before, the employed OH* chemiluminescence optical setup is limited to obtain information for
test points with li�-o� lengths that are downstream from the �ame thickness, and specially those whose LoL at
free-jet conditions would surpass the wall location. Images from the frontal camera of the natural luminosity of
the �ame can be used to shed light on this regard. A sequence of images taken by the frontal camera through the
wall for both wall angles 30° and 90° (�xing all the other operating and wall conditions), is shown in Figure 24.
Free-jet tests at those operating conditions present a 32.79 mm li�-o� length, while the wall has been located at
30 mm from the nozzle outlet in these samples. In contrast with Figure 5, where high-temperature and short-LoL
conditions were set; there is a hole in the center of the �ame footprint during the steady spreading along the
wall, which means that SWI does not prevent the formation of a li�-o� “length” downstream from the wall. �is
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Figure 23: Li�-o� length with the quartz wall in SWI conditions vs. ignition delay at free-jet conditions. �e gray dashed line represents
IDfree-jet = IDSWI. Both plots have the same information di�erently classi�ed. Le�: Fuel and injection pressure variation. Right: Changes in
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li�-o� area appears onto the wall and its radial dimension is nearly constant until the end of the injection, as it
happens with LoL.

With the purpose of estimating this zone expansion, an average image was created from the quasi-steady
�ame frames. �en, a threshold-based method has been applied (as done for spray or �ame contour detection,
but to detect dark zones in this case), and the central dark area has been numerically ��ed to an ellipse. In inclined
wall cases, the vertical projection of this area could present aberration due to the projection of the spray thickness,
underestimating it. �erefore, the horizontal radius of the ellipse was the selected as a new metric for this “on-
wall-li�-o�”, and it is referred hereina�er to as wall li�-o� radius or WLoRNL. �e subscript is there to clarify that,
in this article, images from natural luminosity were used to determine this dimension. However, it is important
to highlight that this strategy aims to reach a qualitative link with the standard de�nition of li�-o� length, but
it is still not considered to be a robust quantitative variable due to the di�erence between both techniques in
terms of di�erent light �lters and principles (li�-o� length measured via OH* chemiluminescence). Changing
this optical setup employing a frontal intensi�ed camera would be a more consistent experimental methodology
to estimate li�-o� length spreading onto the wall. However, the approach presented in this article still shows
interesting �ndings and allows to consistently compare WLoRNL at di�erent operating and wall conditions.

Figure 25 depicts WLoRNL plo�ed against injection pressure, with variations in wall angle and ambient density.

17



+

+

1450 μs ASOI 1881 μs ASOI 2265 μs ASOI 2890 μs ASOI 4810 μs ASOI averaged image

θ
w

=
 3

0
 m

m
θ

w
=

 9
0
 m

m

Figure 24: Sequence of the frontal SWI in raw images and de�nition of wall li�-o� ratio WLoRNL. (Tamb = 800 K; ρamb = 35 kg m−3; prail
= 100 MPa; dw = 30 mm; θw = 90°; Fuel = D2). �e image shows the �ame at di�erent times and �nally, an average image of SWI phase.

�ere are not free-jet li�-o� lengths in the test matrix that reached the 50 mm wall (the longest measured free LoL
is 48.77 mm). �e wall at 30° presents a shrunken area with a short WLoRNL. Due to the �at wall, re-entrainment
of hot combustion products showed to have no in�uence on visible LoLs. Nevertheless, the small scale of WLoR
and the vicinity of the wall and this zone of reaction make that wall inclination in the bo�om part, where an acute
angle is formed between the wall and the original spray axis, acts like a curvature that promotes local hot gases
entrainment and then, wall li�-o� radius shortens. �is signi�cant e�ect of wall angle (a reduction up to 46 %
from a perpendicular wall to θw = 30°) is even stronger than the one produced by gas density and rail pressure,
unlike the case of visible LoL that is not a�ected by the wall position. Even when WLoRNL is not strictly consistent
with LoL due to their di�erent optical techniques, it is interesting to notice how similar the trends are with ρamb
and prail changes for both variables. Nonetheless, a further investigation with frontal visualization conducted via
OH* chemiluminescence and a test plan with more points with large LoLs would allow not only to assess robust
values of wall li�-o� radius, but also to establish a relationship between visible LoL and WLoR. Based on the
current methodology, it is observed that WLoRNL > LoLfree - dw , which suggests �ame cooling with SWI, since
the �ame is at higher temperatures than the wall (which is nearly at Tamb) and the wall is a zone of no-mixing
that prevents air entrainment in a signi�cant portion of the spray surface area. Nevertheless, the improvement of
the optical diagnostics and the use of the same techniques is still needed to establish a link between both views
and to support this af�rmation with proper quantitative certainty.
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Figure 25: Wall li�-o� ratio at di�erent rail pressures, air density and wall angle. (Tamb = 800 K; dw = 30 mm; Fuel = D2).

18



4. Conclusions

In this article, a simultaneous visualization with three cameras was performed to observe macroscopic charac-
teristics of reacting sprays during SWI in terms of their vapor phase by the use of Schlieren imaging, of the
soot-emi�ed light directly observed from the front and through the wall and the li�-o� length detected via OH*
chemiluminescence. A mono-ori�ce ECN injector with a heavy-duty-like diameter and k-factor = 1.5 has been
employed, injecting both n-dodecane and commercial diesel in a combustion chamber of well-controlled ambient
conditions and with a quartz wall with se�able distance from the injector tip and inclination angle. Standard air
was introduced into the chamber and oxygen concentration was nearly 21% for all the tests. �e employment of
a quartz wall not only allowed to record the �ame from a frontal view, but also to keep the wall at a temperature
similar to the one of the ambient and to reduce the thermal di�erences between the interaction of the spray with
the wall and the one with the surrounding gases.

Ignition delay was calculated with the Schlieren images by the use of an intensity-based processing approach.
Results showed that ID in SWI situation is similarly a�ected by parametrical changes as it is at free-jet conditions
and wall angle e�ect showed to be negligible. Nevertheless, the change on spray morphology a�er spray collision
and the increase of local turbulence levels improve air-fuel mixing and reduce ID for normally delayed ignition
cases that are given on the wall and a reduction up to 15 % is observed with the quartz wall respect to free-jet
tests.. In accordance with this, shorter ignition delays are found when the wall is closer to the injector tip. Spray
spreading on the wall shows to be analogous respect to the known behavior of penetration for free reacting
sprays, being a�ected by ignition delay in terms of both time of occurrence and premixing time. R-parameter
follows �ve stages that have been recognized in free-jet literature: inert spray phase, ignition-induced peak,
decelerating valley, momentum rise and a quasi-steady constant value that is higher than the inert one. Similarly,
spray thickness onto the wall is a�ected by the combustion-driven expansion of the spray in an additive way
respect to other parametrical variations that a�ect gas entrainment.

Horizontal spreading of the sooty �ame onto the wall followed the same trends as the upwards spreading seen
via Schlieren imaging, except that the reduced e�ect of inclination angle due to the variation on the measuring
axis projection, which revealed that spreading dependency on wall angle is just given in the same direction of
the inclination.

Finally and regarding the LoL analysis, short li�-o� lengths that are visible with the intensi�ed camera did
not show variations produced by the wall respect to the free-jet case. However, the very �ame thickness covered
li�-o� lengths that are close to the wall or on it. In this ma�er, frontal natural luminosity images are enlightening
to visualize that the wall does not prevent li�-o� length to grow, but it is still formed onto the wall in form of an
elliptical hole on the �ame footprint, which described in this document in terms of its horizontal radius as a new
introduced variable that is referred to as wall li�-o� radius or WLoR. �is radius, measured from the images of
natural luminosity, showed to be a�ected by ambient density and rail pressure changes in the same way lateral li�-
o� length is, but additionally it is largely reduced by wall inclination as a product of the promoted re-entrainment
of burned products into the reaction zone. Also, the length of WLoRNL suggests a reduction in soot levels and
the presence of spray cooling with the wall, due to its temperature close to the one of the ambient. However,
these observations based on WLoRNL values need to be carefully considered and it is important to highlight that
they are not entirely conclusive since optical techniques used in both frontal view and li�-o� visualization are
not consistent (OH* chemiluminescence vs. natural luminosity). An additional campaign with two intensi�ed
cameras to have frontal and lateral simultaneous visualization is recommended in order to shed light on the
quantitative relationship between LoL and WLoR.
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