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A B S T R A C T

Spray–wall interactions (SWI) directly affect fuel–air mixture and emissions formation. Therefore, they are
considered among the most critical physical processes in engine research nowadays. However, the physics
of the wall film formation, propagation, and breakup is not fully understood yet. This work aims to use
a thermoregulated steel wall to study the spray–wall interaction phenomenon and its influence on the
macroscopic spray behavior. A single-hole injector known as ‘‘Spray D’’ in the Engine Combustion Network
was used. n-Dodecane was employed as fuel and the wall has been positioned in four different configurations,
varying angle and distance respect to the injector tip. For this work, not only diesel combustion is reproduced in
the test rig due to ambient gas engine-like thermodynamic conditions, but wall temperature has been controlled
to emulate characteristic values that could be found in the piston of an internal combustion engine. This
implies that the spray–wall heat transfer is simulated and its effects on ignition and spray development can
be analyzed. Heat flux was measured by employing high-speed thermocouples fitted in the wall and by the
use of an one-dimensional transient wall heat model. Three high speed cameras were simultaneously used to
observe the SWI, one for the Schlieren optical technique which allows to study the vapor phase of the spray
and to determine the ignition delay, another one to observe the natural luminosity of the flame, and finally, an
intensified camera was used to determine the lift-off length by observing the chemiluminescence of the OH*.
An interesting finding obtained in this work was a boundary layer formation due to the thermal diffusion
that contributes to cool down the spray and to delay the high-temperature chemical reactions. Results show
a substantial increment of the heat flux and the wall temperature variation with both ambient temperature
and density by increasing the flame temperature and gas entrainment. The exposure to the cold wall affects
the ignition delay variation with the injection pressure and the wall distance. It was found that the wall
temperature (in the range of tested conditions) did not affect the lift-off length location.
1. Introduction

The concern of the international community regarding the protec-
tion of the environment is increasingly growing. Due to this, govern-
ments have decided to create rigorous emissions regulations, forcing
different manufacturers and researchers to find alternatives to design
more efficient, cleaner, and economically accessible engines. In the
field of engine research, efforts using computational and experimental
approaches are applied together to achieve this common goal. There-
fore, in recent years a substantial understanding of the phenomenon
of fuel injection, spray development, and the combustion process in
engines has been achieved [1–3]. However, following the trends of
continuous improvement and creation of more detailed models, there
are aspects of the fuel injection process, more specifically, of the
spray–wall interaction that have yet to be understood and improved.
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The influence of the spray–wall interaction on combustion is quite
complex, after impingement a fuel film can form on the walls increasing
the unburned hydrocarbons and the soot formation. Additionally, the
efficiency of the engine is reduced due to the heat transfer that occurs
between the fuel deposits and the walls in the cylinder. On one hand,
it is known that the secondary atomization produced by the spray–
wall impact promotes the breakup of the droplets, reducing their size,
accelerating the evaporation and the combustion process, while on the
contrary, the dispersion of the spray in the wall reduces the local spray
temperature and may delay ignition. This phenomenon is key especially
for direct injection engines under cold start conditions, where low
densities and temperatures promote a large liquid spray penetration
that might reach the piston and the walls of the combustion chamber.
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Nomenclature

Acronyms

ASOE After start of energizing
ASOI After start of injection
CMOS Complementary

metal–oxide–semiconductor
CMT Centro Motores Térmicos
CWL Center wave length
ECN Engine Combustion Network
FDM Finite differences method
hPhTC High-pressure high-temperature facility
ICCD Intensified charge-coupled device
ID Ignition delay
LED Light-emitting diode
LoL Lift-off length
nC12 n-Dodecane (abbr. used in plot legends)
NL Natural luminosity
SOI Start of injection
SWI Spray–wall interaction
TC0 Standard k-type thermocouple
TC1-TC2 Fast-response temperature sensors
TRI-Wall Thermoregulated and instrumented wall

Greek Symbols

𝛼𝑤 Thermal diffusivity
𝜙 Spray angle
𝜌 Density
𝜏𝑤 Start of spray-wall interaction
𝜃𝑤 Angle (of the wall)
𝛿𝑐 Boundary layer thickness
𝛥𝑝 Pressure difference
𝛥𝑡 Temporal gap
𝛥𝑇𝑤 Variation of wall temperature
𝛥𝑋𝑓 Flame-wall horizontal width
𝛥𝑧 Variation of wall depth

Subscripts

+ Wall upwards direction
amb Ambient condition
rail In-rail, of injection (pressure)
thXX Measuring point location (in mm)
w Related to the wall

Variables

�̇� Heat flux
𝑝 Pressure
𝑥𝑂2 Concentration of oxygen
𝑑𝑔𝑐 Distance from geometric center of the wall
d Distance
k-factor Conicity factor used in industry
k Heat conduction coefficient

Several authors [4–6] have classified the analysis of the spray–wall

interaction according to the morphology of the colliding fluid, while

other authors [7,8] have contributed to understand the influence of a

large number of variables that take place in this phenomenon, as are
2

Re Reynolds number
R R-parameter
S Penetration
T Temperature
t Time
X Horizontal spray spreading
Y Upwards spray spreading
Z Spray thickness or height
Fo Fourier number

the properties of the fluid and the surface, and the drops and deposit
formation.

Additionally, computational fluid dynamics simulations represent
a tool that allows the study of this phenomenon without the need to
assess the engine by using experimental techniques. One of the first
models of spray–wall interaction was made by Naber and Reitz in
1988 [9], by the using of three different models of behavior: stick or
adhesion, reflect or specular rebound, and jet or tangential incidence.
Being a relevant work in this matter that gave place to the development
of more modern and complex computational works, [10–12].

In the present work, the spray morphology and the spray spreading
along the wall are discussed, also aspects regarding the combustion
process are addressed. For that, concepts as spray penetration, the
lift-off length, and the ignition delay needs to be introduced because
they are among the most studied variables in the engine combustion
field. The spray penetration is defined as the distance that a spray
travels into its medium. Due to its direct relationship with the spray
distribution within the chamber and with its suitability as a quality
indicator of air–fuel mixture and evaporation, it is one of the most
widely studied metrics in spray diagnostics [13–15]. As well, regarding
diffusive combustion, as long as the fuel and oxygen are supplied to
the flame, the flame front is self-sustained [16,17] and, if the injection
duration allows it, the flame can achieve a quasi-stationary structure.
One of the most generally accepted models for diffusion flames has
been presented by the comprehensive study of Dec [18]. Due to the
high jet speed at the nozzle outlet, the flame is ‘‘lifted’’ a determined
distance (known as lift-off length or LoL) in respect of the injector
tip, having a first liquid and non-reacting zone. Lastly, the ignition
delay is defined as the period from the start of the injection up to the
instant where induced physical conditions in the air-fuel mixture are
compliant to start the combustion. This delay has been widely studied
and has shown to be highly dependent on numerous parameters such
as ambient temperature and density [19,20], nozzle diameter [20,21]
and rail pressure [22,23].

Soot luminosity is predominant in direct flame visualization on a
wide range of visible wavelengths respect to other combustion prod-
ucts. However, its formation not only takes time but also its concen-
tration is not uniformly representative for diesel flames stabilization.
According to [24] OH* radicals chemiluminescence takes place at the
stable flame length, under high-temperature conditions, making them
more suitable to measure the lift-off length (LoL).

Even when the analysis of free-jet injection and combustion has
proven to be exceptionally useful to reach a better understanding on
the functioning of injection systems in engine applications and, for
the development of accurate empiric and CFD models, it is still a
simplistic model of the injection process into a combustion chamber
of a reciprocating engine. Spray–wall interaction has a fundamental
role in the fuel atomization, mixing and in both combustion behavior
and pollutant emissions formation. On the one hand, the incidence and
accumulation of fuel in the cylinder walls can lead to the formation of
a fuel film that worsens combustion, promotes the emission of carbon
monoxide and unburned hydrocarbons and involves energy losses due

to the increase of heat transfer. This heat flux from the flame to the
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Fig. 1. Model of a diesel impinging spray against a flat wall.

wall is also expected to reduce the spray temperature which could
delay the ignition process. On the other side, the impact of the spray
with a surface gives place to a secondary atomization produced by the
impact and also to a larger exposure of the jet surface to the chamber
gases, improving the air–fuel mixing which is well-known to enhance
combustion. All those elusive effects on internal combustion engines
performance, together with its broad technical applications in other
fields such as spray-induced cooling, painting and prevention of solid
depositions; make spray–wall interaction to remain nowadays as an
active area of research.

Regarding the spray wall interaction phenomenon, not only piston
diameters and bore-to-stroke ratios [25,26] have shown to impact the
heat losses to metallic walls, but also variations respect to conventional
piston bowl geometries are used to isolate sprays or to split the spray
between the bowl and the squish region and affect the fuel spreading
and soot formation. However, many researches still agree on the need
of more basic understanding on spray–wall interaction and further
improvements in diesel engine CFD modeling, to predict tendencies on
engines performance [26,27]. In spite of the existence of research on
soot production under SWI conditions, some of their results are still
ambiguous and a conclusive understanding might miss. For instance,
the study of [28] presents how the insertion of a wall increases soot
formation, specially when it is placed near to the injector. On the other
hand, [29] found in the use of SWI respect to free-jet, the potential to
reduce or even eliminate soot formation, by means of the increased
fuel–air mixing rate and the wall-jet-cooling effect provoked by SWI.

Several works have tried to define the macroscopic characteristics of
an impinging spray and its different regions with a general agreement.
An adaptation of some of those conceptual models are shown in Fig. 1.

The conditions studied throughout this work, as well as the phe-
nomena and variables analyzed, are intended to widen the fundamental
understanding on the spray–wall interaction and to serve as database
for model tuning. A real injector known in the Engine Combustion
Network as ‘‘SprayD’’ has been used in a range of realistic in-cylinder
conditions of high-pressure and high temperature. Nonetheless, the
wall has been simplified to be a flat plate in order to insulate the
studied phenomenon and extract as much information as possible about
the influence of the ambient, injection and wall-positioning conditions
in terms of air–fuel mixture, spreading along the surface, combustion
parameters and spray–wall heat exchange.

2. Materials and methods

2.1. Visualization chamber and injection system

The experimental campaign was carried out in a high-pressure and
high-temperature test rig (hPhTC) present at the research institute CMT
- Motores Termicos. This vessel is a constant pressure and flow test
chamber that have three optical accesses of 128mm diameter and allows
to reach diesel engine-like thermodynamic conditions. This facility has
3

Fig. 2. Scheme of the high-pressure injection system.

been used and described previously in some researches [23,30,31]. The
facility allows to work at different oxygen concentration which are
monitored using a lambda sensor and at different ambient temperatures
using a 30 kW electric heater located right in the entry of the vessel.
The chamber has a test section of 200mm and is not only able to reach
chamber conditions up to 1000K and 13MPa but also has the capa-
bility of providing quiescent and steady thermodynamic conditions,
which enables continuous and repeated observation at a wide range
of conditions.

For the present work, the possibility of a frontal view has been
sacrificed in order to use a conductive metallic wall provided with fast-
response probes to register the wall temperature instantaneously during
the injection event. The wall was designed as a thermo-well in order to
set its surface temperature by gas convection, and it will be described
in the following sections..

An axial single-hole Bosch 3–22 injector known as ‘‘Spray D’’ by
the Engine Combustion Network (ECN) was used in this work [32]. Its
size has been specified to resemble characteristics of heavy-duty diesel
injectors with an outlet diameter of 190 μm. Spray D has been specified
with a convergent nozzle with a hydro-eroded inlet to suppress the
cavitation phenomenon in its inner flow. The geometry and features
of this injector have been measured and extensively characterized by
several authors [33–35]. Some of those characteristics are gathered in
the ECN webpage [32].

The injection setup consist of a standard common-rail system which
is mainly formed by a common-rail of 22 cc volume with a pressure
regulator controlled by a proportional–integral–derivative (PID) and a
Bosch CP3 pump powered by an electric motor. The injector tip was
kept at 363K by using a purpose-made injector holder and an ethylene
glycol flow at a constant temperature [15]. This setup is shown in
Fig. 2.

2.2. Test matrix

Almost all the test conditions used in the experimental campaign
are of common interest to the ECN research group and can be seen in
Table 1. Several variations of injection pressures, ambient gas temper-
atures, wall distances, wall angles, and wall surface temperatures were
set, while n-dodecane was employed as injected fuel.

In Table 1 the controlled conditions for the 108 points of the
experimental campaign are shown and also can be found the position of
the different thermocouples used to measure the temperature changes
in the thermoregulated and instrumented wall (referred to hereinafter
as TRI-Wall) surface during the injection event.

Regarding the data acquisition, 10 repetitions were made for each
condition tested in the experimental campaign and the time between
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Fig. 3. Thermo-well assembly (d𝑤 = 50 mm; 𝜃𝑤 = 60°). Left: Isometric view. Right: Isometric view with section cut.
Table 1
Test plan for experiments in the TRI-Wall.

Variable Values Units

Fuel n-dodecane –
Injector Bosch 3-22 ECN Spray D –
Energizing time (𝐸𝑇 ) 2.5 ms
Tip temperature (𝑇𝑡𝑖𝑝) 363 K
Oxygen fraction (𝑥𝑂2) ≈0.21 –
Gas temperature (𝑇𝑎𝑚𝑏) 800–900a K
Gas density (𝜌𝑎𝑚𝑏) 22.8–35 kg/m3

Injection pressure (𝑝𝑟𝑎𝑖𝑙) 50–100–150 MPa
Wall distance (𝑑𝑤) 30–50 mm
Wall angle (𝜃𝑤) 60–90 ◦

Wall surface temperature (𝑇𝑤) 480a–550 K

Total test points 108 Points

Thermocouples locationb TC0: 𝑑𝑔𝑐 = 10 (inline) mm
(𝜃𝑤 = 60°) TC1: 𝑑𝑔𝑐 = 30 (inline) mm

TC2: 𝑑𝑔𝑐 = 18 (located next to TC0) mm

Thermocouples locationb TC0: 𝑑𝑔𝑐 = 0 (centered) mm
(𝜃𝑤 = 90°) TC1: 𝑑𝑔𝑐 = 15 (on the side) mm

TC2: 𝑑𝑔𝑐 = 20 (inline) mm

aThese conditions were not tested simultaneously.
bPlease refer to Fig. 4.

each injection event was set to 4000 ms to reestablish the wall tem-
perature to the same target value before the spray–wall interaction
occurs.

2.3. Thermo-regulated and instrumented wall system

Fig. 3-left shows the thermoregulated wall with an insulating layer
attached to the supporting system used to fix the entire assembly inside
the hPhTC. Fig. 3-right shown the thermocouples and the cavity used
to cool down the wall surface temperature by gas convection to reach
the target condition. The steel wall has a 94mm diameter and 20mm of
thickness with a fixed inclination angle, each angle is related to a dif-
ferent exchangeable steel wall body, as shown in Fig. 4. Depending on
the target distance between the injector tip and the wall, a determined
exchangeable separator ring is used. Three thermocouples were used to
register the wall temperature variation during the injection event: two
fast-response sensors and a standard K-type one.

The internal cavity (thermo-well) is used to keep the wall at a
controlled temperature which could be in the range of 430K and 600K
while the air of the surroundings is hotter.

In Fig. 4 the location of the thermocouples for both wall configura-
tions can be seen, TC0 is always referring to a standard K-type surface
thermocouple with a conventional acquisition rate to have a robust
4

reference sensor, while TC1 and TC2 are the names of the fast-response
sensors used to acquire the temperature of the wall at a microsecond
time-scale.

Before using the thermocouples mounted in the wall, a Fluke tem-
perature bath system was used to calibrate them. The methodology was
to expose the thermocouples to a dry bath into aluminum oxide sand
fluidized by low pressure air.

2.4. Experimental optical techniques

For the experimental campaign, three cameras were used at the
same time to obtain the spray images using different optical techniques
with its light main trajectory represented in dashed lines of different
colors in Fig. 5. The first camera for the Schlieren imaging (yellow)
has been used for the visualization of the vapor phase of the spray
and the burned gases produced in combustion. The second camera has
been employed to apply the OH* chemiluminescence technique (blue
lines) to estimate the flame lift-off length location by observing the light
emitted by the OH* radicals. The last camera was used to observe the
natural luminosity of the flame through natural luminosity diagnostics
(NL) (red lines).

In the case of Schlieren imaging, a continuous Xe-Arc lamp was used
as light source. Light then travels to a parabolic mirror that collimates
the rays that go through the chamber. Those rays are collected by a UV
biconvex lens and a dichroic beam-splitter that let the visible rays pass
through it to the Photron SA5 camera while the UV rays are reflected to
the intensified Andor iStar camera. In the chamber, density gradients
affect refraction index and deviate the rays from their parallel original
path that makes that those deviated beams not to reach the camera due
to the narrow diaphragm gap.

The camera used to record the natural luminosity has been config-
ured with a long shutter time in order to detect flame regions with
low intensity and precursor chemical reactions at the beginning of the
exothermic processes that lead to combustion, however, a bandpass
filter has been used in order to avoid image intensity saturation. Finally,
an ICCD Andor iStar camera, fitted with a 100 mm f/2.8 UV lens and
a 310 ±5 nm CWL filter was employed to capture a single image by
each injection event. This image is taken only in a time gap during the
steady part of the combustion, in order to reduce rep-to-rep deviations.
More details about the setup of the optical arrangement can be found
in Table 2.

2.5. Image processing and contour analysis

The image processing methodologies are based on strategies to
segment the spray and the background using an algorithm that has been
internally developed and employed in several works [20,36,37].
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Fig. 4. Wall pieces in normal-to-wall and lateral views. Left: 𝜃𝑤 = 90°. Right: 𝜃𝑤 = 60°. Wall has been simplified being shown without fins nor threads.
Fig. 5. Optical arrangement employed in the experiments. Schlieren imaging, OH* chemiluminescence and natural luminosity have been simultaneously used. Dashed lines indicate
the main light path for each technique.
Table 2
Details of the optical setup for the different optical techniques.

Feature Camera Sensor type Filter CWL Shutter time Frame rate TTL width Px/mm ratio

‘ Schlieren imaging Photron SA-X2 CMOS 480 nm 6.49 μs 37.5 kfps – 4.79
OH* chemiluminescence Andor-iStar ICCD 310 nm – 1 frame/inj 2.5 msa 12.11
Frontal NL Photron SA5 CMOS 390 nm 16.39 μs 37.5 kfps – 4.80

aTTL-delay was set from 1.5 to 3 ms (ASOE) depending on the ignition delay.
Regardless of the applied optical technique, the general image
processing is the same. However, in the pre-processing, the strategy is
adapted to the particularity of each set of images.

The core of the segmentation algorithm is based on a fixed thresh-
old intensity-sensitive method [38,39] whose principle is the image
binarization with an intensity level, usually calculated as a constant
percentage (or fixed threshold) of the dynamic range of a frame. The
most difficult task is to achieve a proper background subtraction, espe-
cially in Schlieren, as it presents pixel structures of the same intensity
level as the spray.

In the case of natural luminosity images, the background was ob-
tained as the average of the first images before the start of injection
(SOI). This is possible since the background can be considered as static
during the injection event for natural luminosity images. The contour
calculation is based on the independent use of two approaches that
finally are combined to obtain a single binarized image where white
is ‘‘spray’’ and black is ‘‘background’’. The first approach was the only
5

one used for natural luminosity technique and consist on the use of
a fixed threshold on the intensity level of the images, and the second
one is based on the standard deviation of two consecutive images in
order to detect variations on the spray pixel that are stronger than
the ones of the background. The images obtained were then filtered to
prevent background irregularities and combined in a weighted average
to obtain a final average image and the spray contour.

Fig. 6 gather different samples of the images that are obtained for
Schlieren technique used to detect the vapor phase of the spray.

Flame was observed via natural luminosity from the lateral view to
determine the evolution with time of the flame behavior. A sample of
the images that were observed in this campaign are presented in Fig. 7,
where the progression of the flame advance in the chamber is seen and
the flame luminosity starts being detected near to lift-off length and
then, it is extended along the spray until extinction.

The metrics has been calculated from the contours and they are
different if the contour has been taken before or after the impact.
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Fig. 6. Series of spray images observed via Schlieren varying injection pressure (𝑇𝑎𝑚𝑏 = 800K; 𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑑𝑤 = 30mm; 𝜃𝑤 = 60°; 𝑇𝑤 = 550K). Top set: 𝑝𝑟𝑎𝑖𝑙 = 50MPa.
Center set: 𝑝𝑟𝑎𝑖𝑙 = 100MPa. Bottom set: 𝑝𝑟𝑎𝑖𝑙 = 150MPa. The third image at 100MPa is zoomed in the right, in order to indicate the measured characteristics of the spray.
Fig. 7. Sample of the flame observed through natural luminosity (𝑇𝑎𝑚𝑏 = 800K; 𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 50MPa; 𝑑𝑤 = 50mm; 𝜃𝑤 = 90°; 𝑇𝑤 = 480K).
Fig. 8. Macroscopic parameters calculated from the side spray images. (𝑇𝑎𝑚𝑏 = 800 K;
𝜌𝑎𝑚𝑏 = 22.8 kg m3; 𝑝𝑟𝑎𝑖𝑙 = 150 MPa; 𝑑𝑤 = 50 mm; 𝜃𝑤 = 90◦; 𝑥𝑂2 = 0.21; Fuel = nC12).
Left: Free-jet (𝑡ASOI = 430 μs). Right: Spray–wall interaction (𝑡ASOI = 2110 μs).

The variables calculated for the free-jet part of the injection event
are the free-spray penetration and the spray angle and can be seen in
Fig. 8-left. On the other side, the parameters that have been calculated
after the start of SWI, are:

• Spray spreading along the wall (𝑌+): The spray spreading along
the wall is calculated as the distance between the ‘collision point’
and the furthest contour pixel in the direction towards the top of
6

the wall respect to this point. This ‘collision point’ is defined as
the interception between the wall plane and the free-spray axis,
not being necessarily the first point of the wall that enters in
contact with the spray.

• R-parameter for penetration and spreading (𝑅𝑌 ): In accor-
dance with several models from spray theory [40,41], under the
assumption of a cone-shaped spray, at the steady part of its
evolution it can be considered that the penetration is proportional
to the time rised to the power of 0.5, which makes its derivative
respect to the square root of time a nearly constant value. This
constant parameter to study penetration has shown to be particu-
larly useful since it can be analyzed regardless of the considered
temporal Ref. [42].

• Spray thickness along the wall (𝑍𝑡ℎ): Three consecutive points
from the ‘collision point’ (10,20 and 30 mm) are used to measure
this variable as the maximum normal distance between the wall
and the spray contour.

• Start of SWI (𝜏𝑤): The start of the spray–wall interaction begins
when the spray penetration equals the wall distance with respect
to the injector tip. Nevertheless, the furthest point of the spray
contour detected on-spray-axis become stagnant few millimeters
before reaching the wall distance. It happens because of the
strong density gradients produced in the surface of the wall by
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Fig. 9. 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. Bottom:
Spray intensity variation at the same conditions.

the thermal boundary layer, which limits the visualization in the
nearest millimeters to the wall. To overcome it and to detect the
moment when the spray reaches the wall (in on-axis terms) two
approaches were used. First, from images of the wall placed in
the hPhTC without heated gas flow, the real distance from the
injector tip to the wall was measured (with deviations always
smaller than 2 mm respect to the design 𝑑𝑤). Then, a numerical
fit was made to avoid the most transient part close to the start of
the injection and the part when the spray is near to the boundary
layer. This fit is then extrapolated to 𝑑𝑤 and the time when they
match was taken as 𝜏𝑤

• Ignition delay (ID): From Schlieren imaging it is possible to
identify two ignition stages: the start of cool flames, when the
first indications of chemical reactions occurrence take place and
the second stage of ignition where high-temperature reactions
occur and the spray is characterized by a rapid expansion and by
the presence of high-luminosity flames. Due to that, an intensity-
based image methodology has been carried out inside the de-
tected spray contour where the pixel intensity was totalized and
then derived to obtain both total spray intensity and its increment
as time-resolved signals [13]. The local maximum value of the
intensity increment was considered as the ignition delay reported
along this work and can be seen in Fig. 9.

• OH* chemiluminescence image processing: The OH* images
were analyzed through the approach used by Gimeno et al. [31]
for Lift-off Length (LoL) calculation in free sprays. In the first
place, the raw image (Fig. 10-top) is divided through the spray
axis into a top and a bottom parts. Then a fixed threshold is
selected. After that, a fixed radial distance in the detected spray
is used for both bottom and top parts of the image to define a
region of interest and the location of the leftest pixel above 50%
of the max intensity in the region is taken as the lift-of length.
Finally, both LoL𝑡𝑜𝑝 and LoL𝑏𝑜𝑡 are averaged.

2.6. Wall temperature signal processing

Besides the image processing, the temperature signals from the two
fast response thermocouples were used to obtain the surface temper-
ature and heat flux profiles at different probe locations. The local
7

Fig. 10. OH* imaging sample and variables calculation in a set color scale (𝑇𝑎𝑚𝑏 =
900K; 𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 100MPa; 𝑑𝑤 = 50mm; 𝜃𝑤 = 60°; 𝑇𝑤 = 550K). Top: Raw
image. Bottom: Image after being masked from binarization results.

surface temperature signals (max values around 12 mV) where directly
transformed to temperature units resulting in a time and temperature
resolutions of 10 μs (acquisition rate of 100 kHz), which were con-
sidered adequate for the duration of the injection and the spray–wall
interaction that last approximately 3–4 ms.

The temperature data was used to compute the heat flux using
MATLAB. A one-dimensional heat conduction model was considered
due to:

• The flow simulation tool of SolidWorks was employed to verify
the feasibility of the designed wall system, obtaining that the
normal temperature gradient was much larger in comparison to
the lateral one.

• The duration of the injection was too short to cause a significant
radial heat flux.

• The variation of temperature in the solid wall, due to SWI takes
place just in a few millimeters beyond the wall surface.

In Fig. 11 the numerical model to calculate the heat flux is shown. A
finite differences method (FDM) was used to solve the parabolic partial
differential temperature equation, shown in Eq. (2) to obtain the heat
flux and the temperature at any wall depth and time. Where 𝑧 is the
coordinate perpendicular to the wall surface, 𝑇𝑤 is the wall temperature
at any point along 𝑧, and 𝛼 is the thermal diffusivity of stainless steel,
𝑤
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Fig. 11. Wall heat transfer model for heat flux calculation.
which is the material of the wall and matches with the reported by the
thermocouples manufacturer (3.476 × 10−6 m2 s−1) .
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𝜕𝑧2

)
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From the known 𝛥𝑡 of the data, the Fourier number (Fo) was kept
below 0.5 as calculation stability criterion accordingly to:

𝐹𝑜 =
(

𝛼𝑤 ⋅ 𝛥𝑡
𝛥𝑧2

)

< 0.5 (3)

Forcing Fo to 0.3, it was possible to define a spatial resolution of
𝛥z = 11 μm, which was more than sufficient for this study. Defining
𝑇𝑤(𝑧, 𝑡) as function of the dimension 𝑧 and the time 𝑡, the boundary
conditions 𝑇𝑤(0, 𝑡) and 𝑇𝑤(𝐿𝑤, 𝑡) were measured with the thermocou-
ples in both the cold and hot wall faces, taking into account that
the temperature of the cold face was not affected by the injection–
combustion processes. From the known initial conditions 𝑇𝑤(0, 0)
and 𝑇𝑤(𝐿𝑤, 0), the initial temperature profile of the wall 𝑇𝑤(𝑧, 0) is
estimated as the slope between those temperatures, obtaining all the
needed conditions to perform the FDM.

Finally, the calculation of the heat transfer per area unit or heat flux
was made from the temperature measured in the hot surface 𝑇𝑤(0, 𝑡) and
the following temperature profile in 𝑧 going through the wall, as shown
in Eq. (4), where 𝑘𝑤 is the heat conduction coefficient of the wall.

�̇�𝑤(𝑡) = 𝑘𝑤 ⋅

(

𝑇𝑤(0, 𝑡) − 𝑇𝑤(𝛥𝑧, 𝑡)
𝛥𝑧

)

(4)

As a sample of this calculation, Fig. 12 shows a map of the wall
temperature variation 𝛥𝑇𝑤 respect to the initial condition 𝑇𝑤(𝑧, 0), in
order to show a representative case of how the solid wall temperature
is disturbed by the SWI with time and how goes deep into the solid
wall. As seen, and as happens in all the cases and probes, the third
of the aforementioned hypothesis to ensure the 1D-model is confirmed
and there was no temperature variations over 3 mm of the wall depth.
Additionally, this fact justifies the use of a conventional thermocouple
for the cooled face of the wall, located at 20 mm from the hot surface
8

and helps to save computational time reducing the size of interest
region.

Fig. 13 shows an example of the curves obtained using this method-
ology. On the top, the raw signal of the surface temperature obtained
from the TC1 of the 90° wall can be seen and in the bottom the surface
heat flux profile is shown.

3. Results and discussion

3.1. Ignition delay

Ignition delay vs. 𝜏𝑤 (both in ASOI reference) for all the points
that were measured using the TRI-Wall are shown in two plots in
Fig. 14. The top plot classifies the tests by ambient temperature and
density and injection pressure, while right plot shows the same points
differenced by wall temperatures, distances and angles. Two trends can
be observed: the ignition delay is shortened by changing the ambient
temperature, and on the other hand, the start of spray–wall interaction
occurs before if the wall is closer to the injector. Although some other
known trends, such as the increasing of 𝜏𝑤 and the shortening of ID with
high densities can still be seen, the overall behaviors of the plots could

Fig. 12. Map of wall temperature variation respect to the initial condition 𝑇𝑤(z,0),
(𝑇𝑎𝑚𝑏 = 900 K, 𝜌𝑎𝑚𝑏 = 35 kg m−3, 𝑝𝑟𝑎𝑖𝑙 = 150 MPa, 𝑑𝑤 = 30 mm, 𝜃𝑤 = 90◦, 𝑇𝑤 = 550 K,
𝑥𝑂2 = 0.21, Fuel = nC12).
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Fig. 13. Example of the heat flux and temperature variations obtained per rep and
averaged. Top: Wall temperature variation respect to the initial condition 𝑇𝑤(0, 0).
Bottom: Surface heat flux. The number of points of the reps has been fractioned by
reducing the sampling frequency in order to avoid markers overlapping in the plot.

be, in a first glance, considered not to follow clear patterns. However,
the resemblance in the thermal interaction between the spray and the
surroundings between both free-spray and SWI, just variating in terms
of the effect of the wall on droplets break-up and spray shape evolution,
made that most of the general trends remained the same. To shed light
on the differences with realistic heat flux between the spray and the
cooled wall, the study of ignition delay is divided into three regimes
depending on the location of the spray tip when ignition occurs, as
shown in the different shades of the plot backgrounds: green for sprays
ignited before reaching the wall, light green for ignition given close to
the spray–wall impact (between 0.3ms before and 0.3ms after 𝜏𝑤) and
yellow for ignition occurring during a well-established spray spreading
onto the wall.

Fig. 15 illustrates the ignition delay at different operating conditions
and for those different regimes where there was a matching spray
location at the same ignition time and start of spray–wall interaction.
As seen in Fig. 14, just a few points belong to the ‘ignition-before-wall’
regime where the spray is still in a free-spray form and the expected
trends for that situation remain: ignition delay reduction with higher
ambient temperature, densities and rail pressures. If ID and 𝜏𝑤 are sim-
ilar and the points are in the ‘ignition-near-to-wall’ region, they seem
to have the same trends of ignition delay. Actually, in the situation
of ‘ignition-on-wall’ the trend is changed to have a longer ignition
delay with higher injection pressures. This can be explained precisely
by the influence of 𝑝𝑟𝑎𝑖𝑙 in determining the spray location when it
ignites: while injection pressure is known to have a relatively weak
effect on ignition delay, it controls the momentum-driven penetration
and spreading of the spray. Therefore, once the wall is reached (which
happens faster for high injection pressures), the higher the rail pressure,
the greater the exposure of the spray to the cold wall. This cools
down the still non-reacting spray and delays the ignition occurrence.
This effect is also seen with air density which, contrarily to injection
pressure, slows down the spray and diminishes spray–wall exposition,
and therefore, its trend of shorten ignition delay is intensified in addi-
tion to the already known air–fuel mixing improvement. Nonetheless,
ambient temperature is still the pivotal parameter on defining ignition
delay behavior and the effect of other parameters barely exist at high
temperature.

On the other hand, the effect of the wall configuration on ignition
delay is shown in Fig. 16, similarly separated by spray tip location
at ignition time. By a general observation of the three regimes, it is
supported the statement of getting a longer ignition delay as a cause
9

Fig. 14. Ignition delay calculated for all SWI conditions vs. 𝜏𝑤 and delimitation by
ignition location zones (the dashed gray line represents ID = 𝜏𝑤). Top: Appearance
based on operating conditions. Bottom: Appearance based on wall conditions.

of a more significant exposure to the cooled wall before the ignition
event. As it could be expected, in the left plot it can be seen how wall
parameters have no effect on ignition delay in free-spray phase. Even
when this can be apparently obvious, it is a good validation of how
in-chamber conditions remain well-controlled and unaffected by the
insertion of the TRI-Wall in the regions that are still far from the ther-
mowell. From ‘ignition-before-wall’ to ‘ignition-on-wall’, the strength
of parametrical variation effects on ID gradually increases: once SWI
is well-established, shorter wall distances imply that the spray enters
before in contact with the cold wall, which delays the posterior ignition.
Wall temperature effects seem to be negligible. Although a weak trend
leads to think that the lower 𝑇𝑤 is, the longer the ignition delay, and
this behavior could be interpreted as a stronger spray cooling; those
differences are too weak to be considered out from the experimental
deviation fringe. The author considers that the difference between the
two wall temperature conditions of the test matrix (70K) is still too low
to have significant ignition delay gaps. This is in accordance with Chen
et al. [43], where authors observed slight variations on ignition delay
with wall temperatures differing as much as 250K, and at considerably
low ambient densities (18.03 kgm−3), if compared to the test plan of this
work.

A non-obvious but very clear trend is that ignition delay is longer
for a wall angle of 60° than for 90°. To illustrate a possible explanation
of this, Fig. 17 shows different Schlieren image backgrounds of two
wall configurations (two wall angles at 50mm wall distance) for 800K
(top) and 900K (bottom images). To get these images, the background
has been averaged by taking all the frames before SOI of all repetitions
independently of rail pressure. This average image allows to largely
suppress dark structures caused by the in-chamber density inhomo-
geneities, characteristic of Schlieren imaging. Green dotted lines in
the figure represent the wall edge observed with the hPhTC with no
hot flow (valves closed, heaters turned off), which was the original
condition in which the wall was set and where the geometrical features
of the image were determined for processing (injector tip and wall
location, processing masks, etc.).
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Fig. 15. Ignition delay vs. injection pressure for different air thermodynamic conditions and ignition location zones. Left: Tests with ignition before reaching the wall. Center:
Tests where ignition takes place close to the wall. Right: Ignition occurs in well defined SWI.
Fig. 16. Ignition delay vs. wall angle for different air wall distances, temperatures and ignition location zones. Left: Tests with ignition before reaching the wall. Center: Tests
where ignition takes place close to the wall. Right: Ignition occurs in well defined SWI.
Fig. 17. Averaged Schlieren imaging background at 𝜌𝑎𝑚𝑏 = 22.8 kgm−3 and various gas
temperature and wall conditions. Top: 𝑇𝑎𝑚𝑏 = 800K. Bottom: 𝑇𝑎𝑚𝑏 = 900K. The green
dotted lines represent the original wall edge taken with no hot gaseous flow into the
vessel.

In the images, a dark layer is seen onto the wall respect to the
original position, due to Schlieren light deviation. This layer evidences
a strong density (i.e. temperature) gradient in the vicinity of the wall.
Similarly as done with the spray, the contour of this layer was obtained,
which allowed to obtain a value of the average boundary layer thick-
ness 𝛿𝑐 respect to the original wall surface (0.85mm in the case of 90°
and 3.63mm in the case of 60°). This boundary layer is very thin in the
perpendicular wall cases as can be seen in Fig. 17. The layer for the
inclined wall seems to be thicker in the bottom and narrower in the top
of the wall, as well as it is significantly thicker than in the perpendicular
10
Fig. 18. Ignition delay calculated for all tests with the TRI-Wall.

wall case. As it is known, hot air is less dense than cold air, which
makes that in an ambient with temperature gradients, heavier cold
air molecules tend to go towards the wall bottom due to gravity and
hot air ones to be pushed upwards. This effect is not visible in the
free-zone background due to the in-chamber temperature homogeneity
of the vessel and the larger and stochastic effect of the flow over
the temperature one. Nevertheless, onto the inclined cold wall, the
surrounding air is cooled down and instead of just going downwards,
the slope of the wall and the air stagnation on it accumulate those cold
air particles onto the wall, in a larger extent on the wall bottom due
to their weight. This layer of cold air represents through convection a
significant contribution to the heat transfer from the air–fuel mixture,
delaying it to reach ignition conditions.

Fig. 18 compares the ignition delay obtained by the use of the two
different wall hardware: the wall presented in this work and a wall
made of quartz presented in a previous work [44]. The quartz wall
allowed to have nearly isothermal conditions during the injection event
and a wall temperature similar to the ambient one, so this work is
used hereinafter as a reference for this experience that isolates the
phenomenon from the spray/wall thermal interaction, as it has been
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Fig. 19. Reacting spray spreading (top) and its respective R-parameter (bottom) for different injection pressures and ambient temperatures (𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑑𝑤 = 50mm; 𝜃𝑤 =
0°; 𝑇𝑤 = 550K). Left: Air temperature at 800K. Right: Vessel set at 𝑇𝑎𝑚𝑏 = 900K.
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ade with a similar test matrix and employing the same facility and
njector. Short ignition delays are still similar in both cases. The effect
f collision-induced break-up is the same for both walls, which makes
he larger difference of the wall distance effect to be produced by the
arlier exposure to the cold wall, which delays ignition. This spray–
all contact that causes longer ignition delays is intensified by high

njection pressures, in opposition to its known effect that accelerates
gnition start. In terms of wall parameters, the strongest parameter that
ffects ID is the wall angle due to the enhance on spray cooling caused
y the cold air layer formation in the inclined wall. In comparison
o a diesel engine, this nearly quiescent vessel with a static wall may
evelop a more significant layer. Nevertheless, in automotive engine
rchitectures, it is quite common for spray orientation to be downwards
nd the bowl geometry could lead to colder air regions.

.2. Spray evolution on the wall

In Fig. 19, spray spreading onto the wall is observed for points at
ifferent injection pressures and at 𝑇𝑎𝑚𝑏 = 800K (left) and 900K (right),
long with their respective R-parameters. For all the figures similar to
ig. 19 presented in this work, the circle symbol represents the point
here the ignition delay occurs. Also, the shaded area, present in all the

igures, represent the standard deviation for each performed condition.
he higher the injection pressure, the higher the spray velocity at the
ozzle outlet and the spray momentum flux during both free-spray
hase and SWI [45]. Differences with ambient temperature are given by
gnition delay in terms of when those variations on spreading happen,
nd how intense and prolonged they are (more air-fuel premixing time
rives to a more vigorous expansion [46]). It is important to take
nto account that, in addition to the spray momentum, the crossed
ffect of injection pressure on ignition delay (spray flow enhanced
urbulence against larger spray area in contact with the cold wall)
ffects spreading. The acceleration phases that characterize reacting
iesel spray advancement are still seen: A first phase after the start
nd stabilization of the injection in which the R-parameter presents
pseudo-constant pattern, shortly starts an evident rise in which the

gnition delay occurs, then the spray decelerate and increases its ad-
ancement until a quasi-stable R-phase. Last, this R value is greater
han the stable one reached in the first before-reaction phase, which
ndicates that besides the acceleration obtained in the bump, the spray
n the stable zone of combustion is also faster than in its first steady
11

hase [47]. t
On the other hand, Fig. 20 illustrates wall spreading when both am-
ient density and wall temperature are changed. First, density promotes
as entrainment into the spray, making its spreading slower, while it
hortens ID by both representing a higher ambient pressure (at the same

gas temperature and oxygen fraction) and by reducing spray exposure
to the low temperature wall. This delay on ignition at low ambient
densities increments the premixed combustion phase and contributes to
the spreading boost respect to the high density environment. Wall tem-
peratures of 480K and 550K do not exhibit either significant differences
on ignition delay as previously stated, an consequently nor differences
on spray spreading. First, having similar ignition delays, there are
not variations produced by different pre-mixing levels. Additionally,
the thickest mean boundary layers measured are around 𝛿𝑐 = 3.63mm
being significantly less for perpendicular cases and linearly decreased
s go further along the wall). Taking into account that spray thicknesses
re in the order of 𝑍𝑡ℎ10 ≈ 15mm and increase at further measuring
istances, it can be understood how the density gradient of the thin
ayer has no important effects on spray advancement onto the wall
48].

Different wall distances and inclinations, and their effect on spray
preading is shown in Fig. 21. Points with short ignition delays are
hown in an attempt to reduce the effect of ignition timing. Sprays
n the 60° wall are faster in the measured spreading direction, as it
s expected. As discussed, the effect of the boundary layer increment
ith wall inclination (where gases density is locally higher) on spray

preading is negligible. At the same time, the only effect on spreading
f wall distance that can be seen in the plots, is given by ignition delay
n terms of the changes on 𝜏𝑤, which is the time reference employed for
he horizontal axis, and the crossed effects of a shorter wall distance:
sooner spray opening which provokes a wider exposure to hot and

ense air, versus the sooner and longer contact of the spray and the
old wall.

Figs. 22; 23 and 24 depict the behavior of the vapor thickness of the
pray onto the wall at reacting conditions with wall cooling. Fig. 22
hows in the left the effect of gas temperature and in the right the
nfluence of injection pressure variations. Ambient temperature do not
ave effect until ignition, when the spray have a general expansion
nd an increment in its growth rate. As seen, this happens before in
he high temperature case but the 800K point has a longer premixing
ime. This effect is also seen with injection pressure, which has the
forementioned effects on ignition delay depending on its spreading on

he wall and no more representative influences on spray thickness. In
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Fig. 20. Reactive free penetrations (top) and their R-parameter (bottom) for various fuels and air densities (𝑇𝑎𝑚𝑏 = 800K; 𝑝𝑟𝑎𝑖𝑙 = 50mm; 𝑑𝑤 = 30mm; 𝜃𝑤 = 60°). Left: Tests at 𝑇𝑤
480K. Right: Wall set at 550K.
Fig. 21. Reactive spreading (top) and their R-parameter (bottom) for different wall positions (𝑇𝑎𝑚𝑏 = 900K; 𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 100MPa; 𝑇𝑤 = 550K). Left: Tests with
njector-wall distance of 30mm. Right: Points with the wall located at 50mm from the injector tip.
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he shown case, the most different point in regards to spreading velocity
nd ID (timing and premixing time) is the set at 50MPa injection pres-
ure, which is directly related to the shown spray thickness. Ignition
elay is again the pivotal parameter to define how combustion-driven
xpansion is provoked, which therefore makes the ambient temperature
ffect the strongest of all [13,15].

The effect of varying both gas density and wall temperature is
eflected in Fig. 23. When gas density is raised, atomization is improved
nd the spray spreading on the cold wall gets slower, all facts that
romote shortening on ignition delay, after that event takes place,
till a more intense gas entrainment is given at higher gas density,
ith a noticeable impact on spray thickness. On the other side, wall

emperature does not have a substantial effect on spray thickness as it
ould be expected since it does not affect ignition delay or spreading,
nd also by taking into consideration that the effect of gas temperature
s only given by the changes on ID and not by other mechanisms of
12

WI.
Different wall positions are illustrated in Fig. 24, by changing the
njector-wall distance (left) and the wall inclination angle (right). In
he set of the left, it can be seen how the case is very similar as
he observed for gas temperature: there is no substantial effect in
he very beginning of the inert phase of thickness. Nevertheless, the
gnition delay in the plot is longer for the 30mm case, due to both

the gap in the temporal references of the curves and the sooner spray
cooling. However, thickness is similarly affected by wall distance in
regards to both cases having stages with different air entrainment rates.
Additionally, in SWIs at non-reacting conditions, the main effect of
impingement angle on thickness is given by the transitoriness of the
spray–wall interaction due to the deviation of the spray advancement
direction. In those cases, this is not well-differenced for various angles
since ID was unaffected by them. In the present case, the perpendicular
wall has the most abrupt change of direction in the spray momentum
but, on the other side, ignition gives place to a new transitoriness that is
delayed and more intense for the inclined wall with a longer premixing

phase.
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Fig. 22. Spray thickness for different ambient temperatures and injection pressures (𝑑𝑤 = 30mm; 𝜃𝑤 = 60°; 𝑇𝑤 = 550K). Left: Temperature variation at 𝜌𝑎𝑚𝑏 = 22.8 kgm−3 and
00MPa. Right: Different injection pressures at 𝜌𝑎𝑚𝑏 = 35 kgm−3 and 800K.
Fig. 23. Spray thickness for different gas densities and wall temperatures. (𝑇𝑎𝑚𝑏 = 800K; 𝑝𝑟𝑎𝑖𝑙 = 100MPa; 𝑑𝑤 = 30mm; 𝜃𝑤 = 90°). Left: Different gas densities at 𝑇𝑤 = 550K. Right:
𝑎𝑚𝑏 = 22.8 kgm−3 at two different wall temperatures.
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.3. Flame morphology visualization

As explained in the first sections of this work, the camera used to
ecord the natural luminosity has been configured with a long shutter
ime in order to detect flame regions with low intensity and precursor
hemical reactions at the beginning of the exothermic processes that
ead to combustion.

Flame was observed to determine the evolution with time of the
lame behavior. A sample of the images that were observed in this
ampaign are presented in Fig. 7 and in Fig. 25, where the progression
f the flame advance in the chamber is seen and the flame luminosity
tarts being detected near to lift-off length and then, it is extended along
he spray until extinction. In Fig. 25 is possible to observe the effect
f flame propagation over the inclined wall and the formation of the
ortex at the end of the flame front.

A first analysis was made by observing the effect of ambient tem-
13

erature and injection pressure on the thickness of the sooty flame in a
ig. 26. As it has been done throughout the manuscript, the shown
hickness is measured at 10mm; 20mm and 30mm from the ‘collision
oint’. Fig. 26 continues showing a thicker flame for high ambient tem-
erature cases, as expected from the enhanced ignition respect to the
𝑎𝑚𝑏 = 800K point, as well as the longer flame life of the first one due
o its sooner start of combustion. In this case at 𝜃𝑤 = 60°, the ignition
s so delayed due to the cold air layer formed, that the vortex in the
urves of the low temperature point can barely be seen. Nevertheless,
he profile is still the same: the tip vortex represented with a peak and
hen, a semi-stable thickness. Injection pressure, on the other side, still
educes the vortex duration and the general soot thickness observed
ia natural luminosity accordingly to [49]. This effect is seen to be
ntensified as the flame is exposed at higher pressure and velocity to
cold wall, which reduces the overall mixture temperature at the wall
icinities.

Fig. 27 reflects how flame thickness is affected by a change of

mbient density and wall temperature. In Fig. 27-left it is seen how
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Fig. 24. Spray thickness for different wall positions. (𝑇𝑎𝑚𝑏 = 800K; 𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 150MPa). Left: Different wall distances from the injector tip for 𝜃𝑤 = 90° and 𝑇𝑤 =
480K. Right: Different wall angles fixing 𝑑𝑤 = 50mm and at 𝑇𝑤 = 550K.
Fig. 25. Sample of the flame observed through natural luminosity (𝑇𝑎𝑚𝑏 = 900K; 𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 150MPa; 𝑑𝑤 = 30mm; 𝜃𝑤 = 60°; 𝑇𝑤 = 550K).
Fig. 26. Flame thickness at various ambient temperatures and injection pressures (𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑑𝑤 = 30mm; 𝜃𝑤 = 60°; 𝑇𝑤 = 550K). Left: Temperature changed at 150MPa.
Right: Different rail pressures at 900K.
as the spray moves farther onto the wall, not only flame thickness is
slightly growing in general, but the frontal vortex is getting a more
defined shape in its way along with the fact of thickness being narrower
at lower air densities due to the relative lower gas entrainment rate.
14
This 𝑍𝑡ℎ is, in all measuring points, decreasing when wall temperature
drops. Even while several previous parameters do not seem to be
notably affected by wall temperature in the range of control, the flame
is narrow enough and in direct contact with the wall to be appreciably
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Fig. 27. Flame thickness for various gas densities and wall temperatures. (𝑝𝑟𝑎𝑖𝑙 = 150MPa; 𝑑𝑤 = 50mm; 𝜃𝑤 = 60°). Left: Different gas densities at 𝑇𝑤 = 550K. Right: 𝜌𝑎𝑚𝑏 =
22.8 kgm−3 at two different wall temperatures.
affected within the test plan targets (with around a 15% of thickness
reduction).

Different wall distances and angles were set in the test points shown
in Fig. 28. At a constant wall angle and temperature, the effect of
placing the plate further from the injector tip makes the flame thicker.
Nevertheless, in regards to wall angle, the differences between points
of different wall inclinations is not obvious. In counter-position to
the inclination which promotes a thicker flame formation due to its
lesser transitoriness and higher spreading velocity, the notably thicker
boundary layer, defined as the cold air zone that remains accumulated
on the wall, has a similar effect than the aforementioned for wall
temperature. In this case, the boundary layer effects are stronger in the
inclined wall, respect to the perpendicular wall, where its thickness is
about 3 times narrower. It has to be considered that boundary layers of
60° wall cases are commonly as thick as the 34% of the steady (upstream
from the front vortex) flame thickness onto the wall. Additionally, in
perpendicular wall cases, due to the lateral view, the steady thickness
after vortex is more covered by the front that is produced by the lateral
spreading of the flame.

3.4. Lift-off length

The overall behavior of lift-off length in this campaign is shown in
Fig. 29, where the left set depicts variations on operating conditions
such as ambient density, temperature and rail pressure for two different
wall settings (top and bottom), while the right set illustrates paramet-
rical variations related to wall characteristics such as its inclination
angle in the horizontal axis, wall distance from the injector tip and wall
temperature. The strong influence of the thermodynamic conditions
of the surrounding air is maintained, shortening LoL with density and
mainly with temperature increases.

Negligible influence on LoL from the side of wall temperature in
the TRI-Wall cases is also observed, which agrees with the behavior
of ignition delay previously shown [22] due to the reduced difference
between the target points. This null effect of the wall distance or
impingement angle on points with short ignition delay, as a lack of the
re-entrainment of the burned products in a flat wall has been reported
in other works [50,51]. Again, it has to be taken into account that
the shown points are only the ones with visible lift-off length that
are short enough to not being covered by the very thickness of the
spray part which is in interaction with the wall. Unfortunately, the
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architecture of the TRI-Wall makes the frontal view of the spray not
optically accessible, which do not allow to obtain quantitative data
about lift-off lengths close to the wall or that surpass wall location in
free-spray situations.

In the study of Peraza et al. [44] the fundamental physical–chemical
mechanisms that define lift-off length location were analyzed using a
setup in which 𝑇𝑎𝑚𝑏 = 𝑇𝑤, obtaining similar results as the one described
in this work. Fig. 30 is helpful to compare both situations in regards to
visible LoL. Short lift-off lengths are not affected by the wall, which
is logic taking into account that they are far from it and the reacting
zone is not affected by its considerably lower temperature, considering
that the wall has demonstrated to not be intrusive with the ambient
temperature homogeneity into the chamber. Nevertheless, as lift-off
length becomes larger, it is noticeable how the values obtained by
employing the TRI-Wall increase which indicates that temperature of
the air-fuel mixture for the wall at 50mm starts to be affected by the
cooled wall at around 22mm from the wall and increasingly more as the
LoL gets closer. Under this perspective, injection pressure is secondarily
prone to enlarge lift-off length due to its trend to push this zone nearer
to the cooled wall, while the exact opposite happens with gas density.
In Fig. 30, this lift-off length difference between the two hardware is
confirmed to be produced by spray cooling observing that, similarly
as happens for ignition delay, short 𝐿𝑜𝐿s are not affected by wall
angle while the closest to the wall are slightly larger for the inclined
wall, presumably due to the effect of the thicker cold air layer that is
formed onto the wall. Moreover, this was an evidence of the greater
heat transfer potential of the two-phase air–fuel mixture respect to
the air into the chamber, whose temperature demonstrated to remain
homogeneous and unaffected by the colder wall temperature except for
the region approximately at 3mm from the wall.

3.5. Flame-wall heat flux

The time resolved wall temperature was registered with the two
fast-response thermocouples TC1 and TC2 at two locations per wall.
Those locations were different depending on the wall employed, ac-
cordingly to the scheme shown in Fig. 4. The temperature signal was
directly used to compute the heat flux transferred to the wall by the
flame. Both wall temperature variation 𝛥𝑇𝑤 respect to the initial one
(setted accordingly to the test plan and measured by the thermocouples
before SWI) and the wall heat flux �̇�𝑤 are shown in the following plots
for different parametrical variations. In all the following images, the
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Fig. 28. Flame thickness for different wall positions. (𝑇𝑎𝑚𝑏 = 900K; 𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 150MPa). Left: Different wall distances from the injector tip for 𝜃𝑤 = 90°. Right:

ifferent wall angles fixing 𝑑𝑤 = 30mm.
Fig. 29. Lift-off length obtained for different parametric changes. Left set: LoL vs. injection pressure at different gas temperatures and densities. Right set: Variation of LoL vs.
wall angle at different wall orientations and temperatures. Please note that wall locations are shown in dashed black lines.
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top pair of plots corresponds to the measures made by TC1 and the
bottom set comes from TC2.

On the first place, the effect of setting different ambient temper-
atures is shown in Fig. 31. As seen, the general profile of the wall
temperature variation from the test target was a slope rise when the
spray flame enters in contact with the sensor. This slope gradually
decreases to finally reach a peak. After this maximum 𝛥𝑇𝑤, wall tem-
perature starts to slowly decrease as a result of flame extinction in that
injection event [29,52]. Although the plot only shows the first 15ms
after the start of spray–wall interaction, it has been verified that the
time set between injections (4000ms) is more than enough to reestablish
the wall temperature to its target value. In the right set of Fig. 31 the
profile of the heat flux is observed, where a strong rise is followed by a
nearly constant value during the quasi-steady phase of the flame-wall
heat transfer, profile that is in agreement with the findings of [53–55].
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Once the flame is extinguished, heat flux dramatically drops to a low
level where heat flux is driven by the gases that remains near the wall
in movement, resulting into a higher convective coefficient than the
values before SWI. Finally, it can be seen how for the sample that is
shown in the figure, the heat flux is higher as the probe is located
closer to the geometrical center of the wall defined as ‘collision point’.
This distance is shown in the upper part of each graph as 𝑑𝑔𝑐 . The
wo sensors are reached at post-impact velocities that, as previously
iscussed, are considerably lower than pre-impingement velocity, and it
ecreases as the spray advances further from the impingement location.

In regards to the effect of ambient temperature on 𝛥𝑇𝑤 and �̇�𝑤,
he higher 𝑇𝑎𝑚𝑏 is, the fuel has in proportion a longer diffusion flame.
igher ambient temperatures lead to higher reactivity and also higher

lame temperatures. This represents not only a more significant tem-
erature variation but a stronger heat flux to the wall. Nevertheless,
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Fig. 30. Lift-off length measured for the visible tests with the TRI-Wall.

the duration from the start of the quasi-steady heat flux to the flame
extinction is quite similar for both gas temperatures.

Another difference can be seen when gas density was changed, as il-
lustrated in Fig. 32. Ambient density promotes an enhancement on fuel
atomization. It induces not only a higher reactivity but also a stronger
gas mass flow in entrainment into the flame during the combustion that
boosts the energy release to the wall. Wall exposure to a higher air
mass flow is also a factor to be taken into account. Furthermore, density
affects the Reynolds number, which directly influences the convection
coefficient of the hot gases.

Fig. 33 shows the effect of increasing 𝑝𝑟𝑎𝑖𝑙. Turbulence promotes
a sooner ignition and the effect on 𝛥𝑇𝑤 is in a first order, produced
by the faster flame spreading onto the wall surface, which affects
the convection heat transfer coefficient and finally, increases the wall
temperature rise at higher pressures. The same occurs for the measured
heat flux, that has a steeper slope and a higher stable value at elevated
injection pressures. This quasi-steady phase part of the signal is longer
at high injection pressures, due to the relative time when that phase is
recorded by the sensor (sooner for high pressure–velocity sprays) and
the nearly similar flame extinction.

On the other side, in Fig. 34 it is shown how the wall temperature
has a negligible effect on the heat flux, which happens for all points.
This, it is in accordance with previous behavior seen in different
combustion parameters that would be driven in a large extent by the
heat transfer with the wall (such as ignition delay, spray expansion,
etc.), except by flame thickness. This can obey different facts: first, as
stated before, the difference between the two target wall temperatures
𝑇𝑤 is too low to cause a significant variation. It has to be taken into
account that, in the case of target gas temperature difference (900K
- 800K), it is not just larger but it produces a huge increment on
flame temperatures [56–58], which is in contact with the wall. The
difference on those wall temperatures by rising 𝑇𝑎𝑚𝑏 in 100K is just
around 3-5% depending on the point and the thermocouple location.
Wall temperature is not the only reduced, but the flame is cooled
down too, which supports that 𝛿𝑇 between the flame and the wall is
not significantly different for both wall temperatures and, assuming a
similar spray velocity from the spreading results, it is expectable to
observe similar heat flux by changing the target wall temperature.

Fig. 35 shows the variations in surface temperature and heat flux
when the wall is at different distances from the injector tip. For a
larger 𝑑𝑤, the temperature and heat flux variation seem to be increased
for the points shown in the figure and consistently for the whole test
matrix. This effect could be out of the expected behavior, taking into
account that, as at 𝑑𝑤 = 50mm the thermocouple is further away from
the nozzle, turbulence (i.e. convection coefficient) could be foreseen to
be lower. However, from Schlieren results it was observed how since
the beginning of SWI, and therefore since the spray tip is located at the
‘collision point’ or 𝑑𝑔𝑐 = 0mm, the spray tip spreading is approximately
the same regardless of 𝑑 and then, the convection coefficient may not
17
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be largely affected by a significant variation of velocities for sensors
located at the same 𝑑𝑔𝑐 and wall inclination. On the other hand, a
possible explanation of the observed behavior of heat flux can come
from the temperature distribution inside the flame. It has been observed
how the wall distance had a negligible effect on visible lift-off length
and then, thermocouples are located further downstream from it in
the 𝑑𝑤 = 50mm case respect to the 30mm. The inner gases inside the
diffusion flame could be expected to be hotter in locations further from
the LoL region [18,59] and that is something that is also given in the
combustion structure of an impinging flame [60,61]. This factor, to-
gether with the low variation on spray velocities at each thermocouple
location for different wall distances, could be considered a suitable
explanation for the observed trend.

Finally, Fig. 36 shows both surface temperature rise and the heat
flux for walls with different inclination angles. It has to be considered
that the two fast thermocouples are differently located depending on
the wall, as labeled on the top of each graph. That is the first difference
between the signals of different wall angles to be taken into account, as
it is known that 𝛥𝑇𝑤 and �̇�𝑤 drop in the radial spreading of the spray
due to the higher level of spray-sensor contact and the gradual velocity
losses. Nevertheless, wall inclination induces a non-homogeneous mo-
mentum distribution that favors the upper part of the spray. For the
inclined wall, TC1 (top plots) is placed at 15mm further than for the
inclined wall at 90°, but that is compensated in terms of tip velocity
by the wall inclination of the first one. Something similar happens for
TC2 (bottom graphs) which is similarly distanced from the geometrical
center for the two walls (𝑑𝑔𝑐 = 18mm and 𝑑𝑔𝑐 = 20mm respectively),
what would make the spray velocity higher at the sensor location for
the inclined wall. Even when, in the 60° wall, TC2 location is on the
side and not aligned in the measured spreading axis, the inclination
of spreading in the direction from the center to the thermocouple is
still between 60° and 90° (actually 73.4°). These observations on the
spreading velocity for each thermocouple are in accordance with the
temperature rise observed in Fig. 36.

In regards to the wall heat flux, the thermal boundary layer strongly
delays the ignition and, because of that, the duration is shorter for the
inclined wall. Nonetheless, this layer can be considered to be displaced
from the wall by the high-momentum spray. In the 60° case it is even
observed how the spray reaches the sensor pushing hot air at high
velocity near to it and then, when the ignition takes place, the slope of
the heat flux is dramatically increased. As expected, the inclined wall
reaches a higher heat flux due to the spray velocities described above
in terms of tip spreading.

4. Conclusions

A thermo-controlled and instrumented wall with two fast-response
thermocouples has been used to characterize the behavior of the spray–
wall interaction at engine-like operating conditions.The test matrix was
selected taking into account several points of interest for the ECN com-
munity for diesel applications. The wall design used in the experimental
campaign allowed to test two different wall angles, two distances
between the ‘collision point’ and the injector tip, and two different wall
temperatures by regulating the coolant flow in the cold-external face
of the wall system. Performing simultaneously flame visualization via
natural luminosity, spray visualization recording Schlieren images, lift-
off length by the detection of the OH* radicals employing an intensified
camera and a 310 nm narrow filter and, finally, a time-resolved heat
flux calculation from the signals of the temperature sensors located at
different points of the wall. Regarding the results obtained through this
work:

• The exposure to the cold wall affects the ignition delay according
to the following parameters: high injection pressures make the
spray spread further onto the wall increasing the spray–wall
contact causing a cooling of the spray delaying the ignition. Con-
trarily to the injection pressure, the increases in the air density
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Fig. 31. 𝑇𝑤 variation (left) and wall heat flux (right) changing 𝑇𝑎𝑚𝑏 (𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 100MPa; 𝑑𝑤 = 50mm; 𝜃𝑤 = 90°; 𝑇𝑎𝑚𝑏 = 550K).

Fig. 32. 𝑇𝑤 variation (left) and wall heat flux (right) changing 𝜌𝑎𝑚𝑏 (𝑇𝑎𝑚𝑏 = 800K; 𝑝𝑟𝑎𝑖𝑙 = 150MPa; 𝑑𝑤 = 50mm; 𝜃𝑤 = 90°; 𝑇𝑤 = 480K).

Fig. 33. 𝑇𝑤 variation (left) and wall heat flux (right) changing 𝑝𝑟𝑎𝑖𝑙 (𝑇𝑎𝑚𝑏 = 800K; 𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑑𝑤 = 50mm; 𝜃𝑤 = 60°; 𝑇𝑤 = 550K).

Fig. 34. 𝑇𝑤 variation (left) and wall heat flux (right) changing 𝑇𝑤 (𝑇𝑎𝑚𝑏 = 800K; 𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 150MPa; 𝑑𝑤 = 30mm; 𝜃𝑤 = 60°).
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Fig. 35. 𝑇𝑤 variation (left) and wall heat flux (right) changing 𝑑𝑤 (𝑇𝑎𝑚𝑏 = 900K; 𝜌𝑎𝑚𝑏 = 22.8 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 100MPa; 𝜃𝑤 = 90°; 𝑇𝑤 = 550K).
Fig. 36. 𝑇𝑤 variation (left) and wall heat flux (right) changing 𝜃𝑤 (𝑇𝑎𝑚𝑏 = 800K; 𝜌𝑎𝑚𝑏 = 35 kgm−3; 𝑝𝑟𝑎𝑖𝑙 = 100MPa; 𝑑𝑤 = 30mm; 𝑇𝑤 = 480K).
slows down the spray and diminishes the spray–wall exposition,
producing a shortening on the ignition delay . Something similar
happens with the wall distance, which if it is reduced implies
that the spray is cooled down sooner. A boundary layer due to
thermal diffusion was formed onto the wall and it gets thicker for
the inclined wall, which contributes to cool down the spray and
to consequently delay the high temperature chemical reactions.
Concerning the geometrical evolution of the spray, its behavior
is not different from what was observed from a reacting SWI
situation: the spray behaves as an inert spray with the additional
influence of the ignition delay in terms of timing and intensity of
expansion, which is more intense for more premixed combustion
conditions.

• The higher the injection pressure, the higher the spray velocity
at the nozzle outlet and the spray momentum flux during both
free spray phase and SWI. A higher density promotes the gas
entrainment into the spray, making its spreading slower.

• Flame thickness was measured by visualizing soot natural chemi-
luminescence. It was observed that there is a notable narrowing
of the flame with lower wall temperatures, which also affects
the profile of the flame thickness respect to a wall at ambient
temperature conditions. The 60° wall prevents flame thickness to
grow respect to the perpendicular plate due to the aforementioned
boundary layer which becomes thicker for the inclined wall.

• Lift-off length was laterally observed with an intensified camera.
It was found that the wall temperature in the range of TRI-Wall
target conditions did not affect LoL location. On the other side,
short lift-off lengths remained unaffected by the hardware while
the large ones showed to be even larger due to the different ef-
fective temperature of the air-fuel mixture from determined zone
19
close to the wall. By increasing the air density and temperature a
shortening on the Lift-off length was obtained.

• The transient heat flux transfer by an impinging diesel flame was
measured with high temporal resolution. The observed results
showed a substantial increment of the heat flux and the wall
temperature variation with both ambient temperature and density
by increasing the flame temperature and the gas entrainment. An
increase in the injection pressure produce an increment in the
convective coefficient by changing the mixture-flame velocity and
turbulence. The effect of spreading velocity was also observed
when the wall angle is changed. The duration from the start of
the quasi-steady heat flux to the flame extinction is quite similar
for both ambient gas temperatures.

5. Future works

There are many paths that can be followed to continue the work
presented in this manuscript, taking into account the relevance of this
topic for powertrain research. Below is listed a series of potential
possibilities for future developments that can be performed to assess
fruitful conclusions beyond the obtained ones from this work:

• The further study of SWI with the liquid phase of the spray could
include the use of the thermo-controlled wall in order to analyze
the effect of wall temperature on liquid fuel spreading and the
wall-cooling capacity of the spray after exchanging energy with
the surrounding, by means of the heat flux measuring procedure.
Varying energizing times to characterize injection duration effect
on SWI or even taking into account multiple-injection strategies,
where each injection may change the initial wall conditions in
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terms of temperature and deposition formation with respect to
the previous ones, is an interesting subject of study.

• Droplet–wall and droplet–droplet collision experiments would be
a proper addition to the studies with a tempered wall, as a
fundamental approach using techniques such as backlit or PDA
measurements. On the other hand, the fuel film formed onto
the wall after SWI has been found by researchers to drive un-
burned hydrocarbons formation, therefore, characterization of
post-impingement parameters such as surface wetness, film thick-
ness and distribution at different conditions can be a good addi-
tion to this work.

• The employment of a high-speed intensified camera to visualize
temporal OH* chemiluminescence would provide not only the
evolution of lift-off length, but simultaneous measurements of
ignition delay and ignition start location with a single camera and
a simpler optical setup. Moreover, experiments with laser-based
techniques such as PLIF (Planar Laser-Induced Fluorescence),
could be suitable for non-axisymmetrical spray arrangements and
it could prevent an optical obstruction of the spray by itself
that limit the observation of characteristics such as the thickness
profile or long lift-off lengths in SWI situations. Furthermore, soot
formation measurements during SWI can be performed in axisym-
metrical cases of perpendicular walls or developing techniques to
calculate it in inclined impingement conditions.

• The heat flux through the inclined cooled wall showed to be
affected by the formation of a convection-driven density gradient
layer. Since this region seems to be defined by the cold air that
remains on the wall due to gravity, the study of the influence of
the wall orientation (same wall turned upside down or rotated
90◦ in the thermowell axis) on the formation of that layer, and
the spray–wall heat flux remains open.

• Major hardware modifications could give place to more poten-
tial experiments. From this thesis, the following step to realistic
experiments is to implement a bowl-shaped wall for both trans-
parent and tempered plates. This supposes a challenge for both
optical access through the wall and its cooling respectively. A
single-hole injector was the one used in this thesis. However, jet–
jet interaction created on the piston wall after spray spreading is a
realistic situation which is really scarce in literature. A radial wall
or non-conventional nozzle geometries can be a starting point to
conceive this type of campaigns in a similar facility.
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