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Abstract

�e possibility for a jet of fuel to collide against the surfaces of the combustion chamber or the piston bowl
into a thermal engine, has a direct e�ect on the droplets breakup and the spray atomization. In order to study the
spray/wall interaction phenomenon and its in�uence on the macroscopic spray behavior, a diesel spray was vi-
sualized when impinging on a �at wall made of quartz at various ambient, injection and wall position conditions.
Two high-speed cameras were employed simultaneously to perform Schlieren imaging and di�use back illumi-
nation diagnostics, in order to observe both spray vapor and liquid phases during their contact with the wall. �e
experiments were performed in a constant pressure-�ow test rig, able to reproduce diesel-like thermodynamic
conditions. Two di�erent fuels (n-dodecane and diesel #2) were injected within the chamber by employing a
single-hole injector referred to as Spray D into the framework of ECN research group. To place the wall in
the spray path, a wall positioning structure capable of being ��ed into the chamber and of support the wall at
various inclination angles and distances from the injector tip, was designed. �e test rig was �lled with N2 to
keep an inert atmosphere and isolate the spray development from possible alterations produced by combustion.
Results provide the in�uence of the injected fuel, operating and wall conditions on the macroscopic features of
the transient spray in terms of spreading onto the wall and spray thickness characterized both temporally and
spatially. Spray spreading was evaluated by a novel penetration-based parameter. It showed to be proportional to
the square root of time similarly as free-penetration and is largely affected by the wall inclination respect to the
spray axis. Spray angle showed to be in�uenced by the morphology of the spray that affects its air entrainment
capacity and that changes with a wall respect to a free-jet con�guration. �is variation in the morphology also
has a remarkable effect on spray evaporation, characterized in terms of liquid length and liquid spreading onto
the wall. Finally, the large amount of data was used to obtain correlations for all the studied parameters.

Keywords: Spray-wall interaction, Fuel jet impact, Post-impingement characteristics, Schlieren imaging,
Di�use back illumination, Engine Combustion Network

1. Introduction

�e experimental study of fuel injection and spray development should faithfully represent the actual processes
that occurs within the cylinder of an internal combustion engine (ICE). A large number of experimental researches
have been carried out in the last years trying to achieve more realistic conditions in order to provide a reliable
source of data for CFD codes validation and tuning [1–3]. However, a process that occurs irremediably in small-
bore diesel and directed injection gasoline engines, and that is not commonly considered in injection-combustion
analysis is the spray-wall interaction (SWI). �e in�uence of the jet impact against the piston walls on combustion
is very complex. On the one hand, the jet-wall interaction may improve the air-fuel mixing, by generating
secondary atomization and enhancing the gas entrainment into the spray. Nevertheless, a fuel �lm can be formed
on the walls a�er the impingement, rising the formation of soot and unburned hydrocarbons, besides a reduction
of the engine e�ciency produced by a worsening in the combustion and the heat transfer from the reactive spray
to the walls [4–6].
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Nomenclature

Acronyms Re Reynolds number
ASOE A�er start of energizing S Penetration
ASOI A�er start of injection T Temperature
CMOS Complementary metal-oxide-semiconductor Y 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
LED Light-emi�ing diode ρ Density
k-factor Conicity factor used in industry τ Start of SWI
LED Light-emi�ing diode 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 l Liquid phase
LL Liquid length o Nozzle outlet
Ṁ Spray momentum rail In-rail, of injection (pressure)
p Pressure thXX Measuring point location (in mm)
R R-parameter w Related to the wall

Some experimental researches have been proposed to characterize the spray-wall interaction phenomenon,
being possible to divide them into two main categories similar to what is stated by several authors [7, 8]: �e
study of the impact of single drops, and the analysis of wall impingement of sprays. Although the isolated droplet
impact is a simpli�ed approach respect to the impinging spray one, the literature on the �rst one has contributed
to the understanding of the in�uence of a great deal of variables on spray-wall interaction, such as the properties
of the �uid and the surface and the characteristics of formation and impingement of the droplets [9, 10]. Phase-
Doppler Anemometry [10, 11], MIE sca�ering [12, 10, 13] and Backlight Di�used Illumination (DBI) [14, 15] are
some of the optical techniques employed in the diagnostics of mean drop size, Weber number and drop velocity
pro�les in the wall impact regions. Rioboo et al. [16] agree with Moita and Moreira [17] in how different dis-
integration mechanisms are promoted by the impact energy and how them are affected by �uid viscosity, drop
diameter and the impact angle. Also, surface temperature measurement systems have been used to study the heat
transfer between the drops and the wall and their drops regimes [12, 11, 18], obtaining correlations relative to
each regime. On the other hand, experiments of sprays, which involve multiple drops interacting between them
and a more real emulation of spray systems such as injectors in ICEs represent an increase in the complexity of the
process. Akop et al. [19] carried out a series experiments in an environment at atmospheric pressure, taking into
account the plate angle, observing that a pronounced inclination decreases the adhered fuel mass ratio. Another
experiments [6, 20, 21] indicate that the spray momentum has an important e�ect on the spray expansion along
the wall and gas entrainment. Arcoumanis and Chang [22] employed fast response thermocouples to determine
that the pre-impingement spray velocities play a key role on the local heat transfer rates. Regarding the fuel
�lm that remains on the wall a�er the impingement, it has been studied by techniques such as Laser-Induced
Fluorescence in some works [23, 24], which concluded that the mass of the �lm tends to increase at lower cham-
ber temperatures and higher injection pressures.. Zhang et. al. [25] have concluded via Schlieren imaging that
under turbulent combustion conditions, the vaporization of the spray is improved due to the heat transfer effect.
More realistic works with full-view transparent pistons [26] have explored different combustion strategies such
as HCCI and PPC, evaluating the effect of the wall on both CO and CO2 emissions.

�ere is a large number of institutions which make research on injection-combustion topics. Unfortunately,
it is quite dif�cult to unify criteria when investigation is performed experimentally and numerically, considering
the different methodologies, techniques, test rigs and CFD codes that are employed by them [27, 28]. In order to
reduce the uncertainties produced by those differences, the Engine Combustion Network (ECN) was created as
an open forum that promotes collaboration between research centers and pursues the generation of a high-qual-
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ity and reliable shared database [29]. �e group focuses efforts in the study of determined injection systems at
a range of target conditions that are of significant interest for the engine research community [27, 28] (ambient
nominal conditions of 900K and 22.8 kgm−3 and n-dodecane as main mono-component fuel for research).

Spray-wall interaction is a process that is still not fully understood whose better comprehension is needed
to assess a more accurate analysis of air-�ow mixing and combustion processes in ICEs [30–32], specially in a
world with different engine design trends such as downsizing for automotive powertrains and the increase of
power density in heavy-duty hardware. �is investigation is an a�empt to throw light on the spray-wall inter-
action phenomenon under high-pressure and high-temperature conditions, similar to the reached into engines
combustion chambers. �e research is divided into two parts: �e �rst of them, which is presented in this doc-
ument, covers the study of the SWI at evaporative inert conditions in absence of O2 in order to understand the
�uid-dynamic behavior of the spray when it collides with a �at wall. �e second part, which involves the study
of combustion at reactive conditions, is described in another article [33]. A Bosch single-hole injector designed
to avoid internal �ow cavitation was employed to inject two di�erent fuels into a constant-pressure �ow facility
(CPF) in a wide spectrum of injection diesel-like conditions. A quartz wall was placed in front of the injector at
di�erent distances from the nozzle outlet and at di�erent inclination angles in order to deeply analyze the e�ect
of the impingement conditions on the interaction a�er the impact. It required the design of a versatile system
introduced into the vessel to support the wall, allowing to vary its position respect to the injector. High-speed
cameras where used to observe laterally both the vapor and liquid phases of the spray through Schlieren and
DBI techniques respectively. Additionally, this article serves as the �rst part of a whole study that covers the
impinging spray combustion process in its second half.

�is manuscript has been structured in four sections. First, the present introduction. Next, the experimental
methods, hardware employed and the optical setups are described, including explanations of the facilities and
processing methodologies. Later, results are presented and discussed. �e main conclusions obtained from this
work are drawn in the last section.

2. Materials and methods

2.1. Spray visualization chamber and injection system

�e investigation was conducted in an optically-accessible continuous-�ow constant pressure test rig that makes
possible to visualize sprays at diesel-like chamber conditions. �is high-pressure and high-temperature vessel
(hPhTC) has three optical accesses of 128mm of diameter placed orthogonally between them. In the side without
any window the injector is �xed horizontally, and a continuous ethylene glycol �ow is in direct contact with it in
order to steadily control the injected fuel temperature by means of a cooling system detailed in [34]. �e vessel
has a two-layer con�guration in order to keep thermal losses at the minimum and to improve the temperature
homogeneity inside the inner wall, while the second one has a purely structural function. �e gap between both
layers is �lled with insulating material.

�e facility works with a controlled mixture of dry air and N2 that allows in-chamber oxygen concentrations
between 0% (for high-temperature inert research such as this part of the investigation) and 20.9%. �e chemical
composition of the gas in the chamber is permanently monitored by a lambda sensor [35, 36]. As shown in Figure
1, the pressurized gas is initially stored in reservoirs from a compressor, enters into the test rig through a 30 kW
electric heaters system. A�er the gas exits from the vessel, it is cooled, �ltered and recirculated to the compressor
again or released to the atmosphere. �e control system is a closed loop PID, where both the pressure in chamber
and the heaters output power are controlled. �is test rig is not only able to operate at conditions up to 950K and
13MPa , but also has the capability of provide nearly quiescent and steady thermodynamic conditions, which
enables continuous and repeated observation at a wide range of conditions.

An axial single-hole Bosch 3-22 injector which is one of the target hardwares of the Engine Combustion
Network was employed in this campaign, speci�cally, the Spray D, serial number #209135 [29]. �e injector has
a convergent nozzle (k-factor of 1.5 ) with an outlet diameter of 190 µm and has a rounded entrance that has
been manufactured in order to avoid cavitation phenomenon in the inner �ow. Many geometrical features of the
injector can be found on the ECN webpage [29] and it has been hydraulically characterized in previous works
such as Payri et al. [37].
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Figure 1: Lateral view of the high-pressure and high-temperature visualization vessel.

�e injection setup consisted of an standard Common-Rail system, which is mainly constituted by a conven-
tional rail with a pressure regulator and a high-pressure volumetric Bosch CP3 pump which is powered by an
electric motor. �e injector was kept at 363K using an injector holder through which an ethylene glycol �ow
at a constant and controlled temperature runs in direct contact with the injector during all the testing time [34].
�e injector was inserted in the test rig by this holder and connected to the common rail with a high pressure
line.

2.2. Test matrix

Most of test conditions are of common interest into the ECN group [29], and can be found in Table 1. A wide
range of operating conditions has been covered, including di�erent high ambient temperatures and densities,
injection pressures and wall positions which have been varied in terms of distance from the injector tip to the
plate (dw) and wall angle to the horizontal (θw). Another variation to be taken into account is the injected fuel.
Two fuels have been used for the experiments and their properties are shown in Table 2. Each point has been
repeated 10 cycles in order to determine the statistical accuracy of the reported averaged result.

Table 1: Test conditions summary.

Parameter Values Units

Fuela n-Dodecane - Diesel #2 -
Injector Bosch 3-22 Spray D -
Energizing time 2.5 ms
Tip temperature 363 K
Oxygen perc. (O2%) 0 (inert conditions) %
Gas temperature (Tamb)a 700 - 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 - 45 - 90 ◦

a Not all possible combinations of these parameters have been
performed.

b Only for diesel tests.

Table 2: 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 densitya 752.1 843 kg/m3

Aromatics concent. 0 27 %
H2 mass concent. 15.3 13.28 %
Kin. viscosityb 1.5 2.35 mm2/s
Flash point 356 346 K
Sulfur content 0 9 ppm
Plot legend referencec nC12 D2 -
a Value at 15 ºC
b Value at 40 ºC
c Name employed in plot legends due to spacing reasons
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2.3. Wall supporting system

In Figure 2-le�, the system that was employed to support the wall in a determined position inside the vessel is
shown. �is assembly was designed to ensure that the wall accomplishes with accuracy the desired conditions
of inclination angle and distance from the injector tip. A protective cap is used in order to be the �rst layer
between the hot gases and the injector body, and to support insulating material against the injector holder. Two
folded sheets are screwed to it, and are used to hold two �xed ‘U’ shaped structures which have the function
of bearing the wall assembly at the desired distance-angle con�guration. Depending on this target position, a
determined pair of exchangeable frames is used to support the wall holder. �ose frames can be changed and
come in di�erent shapes depending on the desired con�guration for the wall. �e JGS1 fused quartz wall is
pressed against its holder by means of four wall hooks, that are regulated with screws. Figure 2-right shows a
view from the test rig window (128mm diameter), allowing a wide area to observe the interaction phenomenon
between the spray and the wall (100mm× 60mm).

2.4. Experimental techniques

2.4.1. Liquid phase visualization through DBI
DBI (Di�use back-illumination imaging) is a technique that has been widely employed in liquid and spray

diagnosis for several applications, such as droplet size distribution [38], spray liquid phase visualization [39, 40]
and soot measuring [41, 42]. In this case, when employed to determine the liquid length, it consists on the
consideration of the spray liquid phase as the dark silhoue�e of the spray when the background is illumined
with a di�used light.

�e setup utilized can be seen in Figure 3 where the main light trajectory represented in dashed blue arrows.
�e 57 ns pulse of light is emitted by a fast white LED and then, it passes through an engineered plane diffuser
and a fresnel lens, which smooths the light intensity and homogenizes the images background. �is arrange is
set ensuring that the complete test area is covered. �en, the light reaches a 50-50 beam splitter that re�ects
perpendicularly half of it towards the test region, to �nally go towards another beam splitter and which directs
the beam to the high-speed camera. In the test region, the presence of fuel in liquid phase will block the light
path while it would be slightly attenuated by vapor phase sprays and �nally, undisturbed in the case of zones
with only ambient gases. Nevertheless, the light beams are not parallel and then the attenuated (deviated rays)
and the unaffected ones are not clearly distinguished. �e black region in the recorded images, formed by the
blocked light, is considered the liquid fuel region. Speci�cations about the setup can be found in Table 3.

2.4.2. Single-pass Schlieren imaging
�e vapor phase of the spray has been recorded using the Schlieren imaging technique. It is sensitive to the

�rst spatial derivative of density, so it is quite useful for the visualization of gaseous phenomena that are not
visible to the naked eye. �is technique is based on the use of parallel beams through an interest zone in order
to observe their de�ection. In this particular case, the technique is used to detect spray boundaries between

Injector-holder cap

Folded sheets (x2)

“U-shaped” fixers (x2)

Exchangeable frames

(x2 for each config)

Wall holder

JGS1 quartz wall

Wall hooks (x4)

Injector tip
dw

θw

Figure 2: Wall mounting system (for a wall con�guration of dw = 50mm; θw = 60◦). Le�: Assemblage indicated by pieces. Right: View
from a lateral optical access of the vessel
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Figure 3: Optical setup employed for both liquid and vapor phases visualization. DBI light main path is indicated in blue dashed arrows,
while the red one are illustrating the Schlieren beams path

the vaporized fuel of the spray and the background gases into the vessel, which is possible due to the di�erent
refraction indexes that are associated to density dissimilarities.

In red dashed arrows, Figure 3 indicates the path of the Schlieren light through the vessel and the optical
material employed in this technique application. A continuous Xe-Arc lamp is connected to an optical �ber which
ends in the punctual light source shown in the bo�om of the scheme. �e beams travel to a parabolic mirror,
which has the objective to collimate the light and deviate it to the vessel. �e parallel beams are di�erently
deviated due to the density gradients inside the vessel. �en, the rays are collected by a biconvex lens, which
makes them converge to the high-speed camera, where diaphragm keep back the deviated rays of enter to the
camera lens. Table 3 contains more detailed information about the optical setup.

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

Camera Lens
diameter

LED pulse
duration

Diaphragm
gap diam.

Frame
rate

Shu�er
time

Px/mm
ratio

Di�used back-
illumination Photron SA5 100 mm 57 ns - 25 kfps 1.00 µs 7.00

Schlieren
imaging Photron SA-X2 100 mm - 4 mm 40 kfps 1.01 µs 5.88

2.5. Image processing

�e spray images were processed using an algorithm which has been internally developed and extensively em-
ployed [35, 43]. Regardless of the optical technique, the general processing methodology is broadly the same.
However, the type of images is speci�ed in a pre-processing step in order to adapt the strategy to the particular-
ities of each set of images.

�e background of the image is prepared to be subtracted in order to normalize its luminosity to a zero level.
Images obtained with both techniques receive a di�erent treatment. In the case of DBI images, the background
is obtained as the average of the �rst captures before the start of injection (SOI). �is is possible since the back-
ground can be considered as static during the injection event for DBI images. On the contrary, in the case of
Schlieren imaging, it is necessary the calculation of a new background (a dynamic one) for each image. �e cal-
culation of that Schlieren background follows the combination of two strategies: the use of a threshold based on
the pixel intensity levels of the image and the detection of pixel variations by the study of the pixel-wise stan-
dard deviation of three consecutive images. �e images obtained are then �ltered via morphological operations
in order to prevent background irregularities. Finally, the �ltered images from both processing approaches are
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combined in a weighted average in order to obtain a �nal average image and the spray contour. Figures 4 and 5
gather di�erent samples of the images that are obtained for both liquid and vapor phases of the spray by using
the previously described optical setup and the detected contours with the processing methodology.

tASOI = 0.092 ms tASOI = 0.382 ms tASOI = 1.502 ms tASOI = 2.758 ms

tASOI = 0.092 ms tASOI = 0.382 ms tASOI = 1.502 ms tASOI = 2.758 ms

Tamb = 700 K; ρamb = 22.8 kg/m³; θw = 90 º; Fuel = nC12dw = 50 mm;prail = 100 MPa;

Tamb = 700 K; ρamb = 22.8 kg/m³; θw = 90 º; Fuel = nC12dw = 30 mm;prail = 100 MPa;

Figure 4: Samples of random reps of the images observed via DBI (Tamb = 700K; ρamb = 22.8 kgm−3; prail = 100MPa; θw = 90°; Fuel =
nC12). Top set: Wall at dw = 50mm. Bo�om set: Wall at 30mm from the injector tip.

Tamb = 800 K; ρamb = 22.8 kg/m³

dw = 50 mm

θw = 45 º;

prail = 200 MPa;

Fuel = D2

tASOI = 0.388 ms tASOI = 1.263 ms tASOI = 2.138 ms

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

Figure 5: Samples of a random repetition of the images observed via Schlieren imaging at inert conditions (Tamb = 800K; ρamb =
22.8 kgm−3; prail = 200MPa; dw = 50mm; Fuel = D2). Top set: Wall inclined θw = 45°. Bo�om set: Wall angles set at θw = 90°

2.6. Contour analysis

Figure 6 shows two di�erent images obtained from the Schlieren technique, where the contour obtained with
the previously described approach is shown. �e metrics that has been calculated from the contours vary if the
contour has been taken before or a�er the impact. Keeping that in mind, the variables calculated for the free-jet
part of the injection event are:

• Free spray penetration (S): is considered as the distance between the furthest point of the spray contour
and the nozzle tip.

• Spray angle (φ): �e spray angle is calculated as the formed between two linear �ts of the spray contour
as shown in Figure 6 le� picture. �ese �ts are made using a data range between the 10% and the 50% of
the measured free-jet penetration.

On the other side, the variables that have been calculated a�er the start of SWI, are:
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• Spray spreading along the wall (Y+): �e spray spreading along the wall is calculated as the distance
between the ‘collision point’ and the furthest contour point in the direction towards the top of the wall.
�is ‘collision point’ is de�ned as the interception between the wall plane and the free-jet axis, not being
necessarily the �rst point of the wall that enters in contact with the spray.

• Spray thickness along the wall (Zth): �ree consecutive points from the ‘collision point’ (indicated in
dark blue crosses in Figure 6 right image) at 10mm; 20mm and 30mm from it, are used to measure this
variable as the maximum normal distance between the wall and the spray contour.

+

10 mm 10 mm

+
+
+Zth30

Zth20

Zth10

--

Y+

+ Sϕ

Spray contour
Linear fit for angle calc.
Spray penetration
Spray angle

Spray contour
Spray spreading
Spray thicknesses

+ Measure points

Figure 6: Macroscopic parameters calculated from the side spray images. (Tamb = 800K; ρamb = 22.8 kgm−3; prail = 150MPa; dw =
50mm; θw = 90°; Fuel = nC12). Le�: Free-jet (tASOI = 430 µs). Right: Spray-wall interaction (tASOI = 2110 µs).

Additionally a new metric that is de�ned as the derivative respect to the square root of time of both free-jet
penetration and spray spreading has been de�ned and referred to as R-parameter :

• R-parameter for penetration and spreading (RS and RY ): In accordance with several models from
spray theory [44, 45], under the assumption of a cone-shaped spray, at the steady part of its evolution it
can be considered that penetration is proportional to the time rised to the power of 0.5, which makes its
derivative respect to the square root of time to be a nearly constant value, as shown in the sample of Figure
7, where both penetration (le�) and its derivative respect to the square root of time (right) are shown for
a di�erent ECN injector [35]. �is constant parameter to study penetration has shown to be particularly
useful since it can be analyzed regardless of the considered temporal reference [35, 3, 6].
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Figure 7: Sample of spray penetration and its R-parameter at free-jet non-reactive conditions for an ECN Spray C injector (plot adapted from
[35]). Le�: Vapor penetration by injection pressure. Right: R-parameter for same conditions.
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• Start of SWI (τw): �is variable is de�ned in this work as the time when Sv = dw (v subscript denotes
vapor). Nevertheless, it could be the case that the furthest point of the spray contour detected on the
spray axis becomes stagnant few millimeters before reaching the wall due to the strong density gradients
produced in the background near from the wall surface that can be observed via Schlieren imaging. Con-
sidering this, a numerical gridded �t was made using the spray penetration data from 0.2 · dw to 0.8 · dw
in order to avoid the transient start of the injection and the part when the spray is near to the wall. �is
�t is then extrapolated to dw and the time when they match is taken as τw as seen in Figure 8.
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Figure 8: Calculation of start of SWI from the extrapolation of the penetration curve using a numerical �t.

3. Results and discussion

3.1. Vapor spray in nozzle-wall region

In Figure 9, the behavior of free vapor penetration for di�erent ambient temperatures and injection pressures is
shown, speci�cally for a random wall con�guration (dw = 50mm; θw = 90°). Gas temperature does not show
important e�ects on vapor tip penetration. �ese results are congruent with those found in literature [1, 46]. On
the other side, injection pressure has a strong e�ect on spray velocity since the very beginning of the injection
event by means of the signi�cant increase of the momentum �ux. Furthermore, this e�ect is shortened when the
system works at higher injection pressures. �is variation can also be observed in the bottom plots in terms of R-
parameter , that is shortened with a decrease in rail pressure and not in�uenced by ambient temperature. Figure 10
depicts the in�uence of ambient density and fuel on free penetration, in this case for a free-jet con�guration.
Momentum transfer between the gas and the spray that is produced in the gas entrainment process at higher
ambient densities makes spray advancement through the chamber to be slower. From a comparison between
le� and right sets of images it can be seen how n-dodecane penetration is consistently faster than for diesel. A
possible explanation to that comes from spray theory: Many models for free penetration describe an e�ect of
internal �ow [45, 35, 47]. Taking Naber et. al as reference [45], it indicates that Sv ∝ C0.25

a · C0.5
v ·D0.5

o . As the
injector is made to avoid cavitation, it is expected not to have signi�cant area contractions and then no variation
on Ca or Do. On the other side, Cv increases with Reynolds number (Re), which is inversely proportional to
fuel viscosity. nC12 being less viscous than D2 results into a higher Cv , and then a faster penetration. Finally,
R-parameter of spray penetration is in the bo�om set of plots of both Figures 9 and 10, re�ecting that, as expected
it is nearly constant in the steady part of the spray and also its behavior its in accordance to be proportional to
spray momentum. It is important to highlight that the decrease observed near to the wall for some of the curves
is produced by the spray reaching the optical limit since it is nearly as dark in the images as the wall and the
density gradients in its vicinities.

Some τw results that were obtained from spray penetration curves are shown in Figure 11, particularly for
di�erent operating conditions. As expected, SWI starts before for low gas densities and high rail pressures, such
as gas temperature has no e�ect on τw . Also, the larger the distance between the injector tip and the wall, the
longer the time (ASOI) the spray needs to reach the wall. Both reductions of τw with dw and ρamb seem to be
progressively reduced at high rail pressures.
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�e in�uence of wall conditions and fuel properties on τw , are shown in Figure 12. For a �xed dw , wall angle
has not relevant e�ects on τw . On the other hand, there is a noticeable in�uence of the used fuel that is based on
the previously mentioned e�ect of viscosity, which is weaker than the rail pressure and gas density ones. �is
e�ect and even the one of the wall distance, also seem to be less signi�cant as injection pressure is increased.
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Figure 12: Start of spray-wall interaction calculated for di�erent injection pressures and wall conditions (Tamb = 800K; ρamb = 22.8 kgm−3).
Le�: Results for diesel #2. Right: SWI delay for n-dodecane.

3.2. Spray angle

Figure 13 compares vapor spray angle at di�erent ambient densities and temperatures. A higher gas density pro-
motes a higher gas entrainment rate and widens the spray angle. Ambient temperature apparently has no e�ect
on spray angle which is in accordance with literature [48, 45, 49], since both fuels are low viscosity �uids with
(ρf/ρamb) · (Ref/Wef )2 > 1 (this result is higher than 8 for all test points). Additionally, from the comparison
between both plots it is seen how the in�uence of gas temperature and density are equivalent for both free-jet
and SWI conditions.

�e computed angle results into a steady signal with low �uctuation and uncertainty, which allows to average
the values into a windows between 1ms and 4ms to obtain a mean spray angle, results that are shown in Fig-
ure 14. In this �gure, in the le�, it can be observed the behavior of spray angle for di�erent operating conditions
and fuels, agreeing with density as the strongest factor on widening the angle. No signi�cant e�ect is observed
in rail pressure and a narrowing of the angle is seen for diesel #2 due to its higher viscosity and density ratio
(ρamb/ρf ) respect to dodecane.
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Figure 13: Spray angle vs. time ASOI at di�erent ambient densities and temperatures (prail = 100MPa; Fuel = D2). Le�: Results for the
free-jet con�guration. Right: Wall arrangement (dw = 50mm; θw = 30°)

In Figure 14-right, it can be noted how the wall position has no apparent e�ect on spray angle. However,
and even while it is still within the experimental uncertainty, free-jet angles (green) are consistently narrower
than those observed for tests with SWI. �is behavior is also in agreement with the contours that are shown in
Figure 15, where the impinging sprays have slightly wider angles than the case without a wall. �is behavior
can be explained in a large extent by the e�ect of the wall on the gas entrainment. Before collision, both sprays
have a similar angle and a�er SWI starts, the impinging spray is spread in all directions, a�ecting the spray
morphology and leaving part of the spray surface in contact with the wall. Nevertheless, once the spray spreads
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more along the wall, the surface in contact with the surrounding gases increases in a greater rate than the free-jet
case, allowing more gas entrainment into the spray and widening the angle.
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�is increase on surface area that is in contact with the gases, is observed in Figure 16. It has been estimated
for ideally axisymmetric sprays (condition nearly seen in free-jet and SWI situations at θw = 90°) by the use
of Pappus theorem to obtain the surface area of a revolution solid, employing the contour curves in the two
halves of the spray, revolving each one π radians. In the cases with a wall, the area in contact with it is found and
subtracted from the total area to get the surface that is in contact with the surrounding gas and that is susceptible
of contributing to gas entrainment. �is gas-spray contact area is plo�ed in Figure 16 for two di�erent conditions,
and it can be observed that its growth rate is similar after SOI, but once SWI is well established, it becomes larger
for impinging sprays. While the area for the free-jet constantly increments until the spray reaches the optical
limit for SWI cases, the growth rate of spray-gas contact area is faster and it is gradually incremented, what leads
SWI to promote gas entrainment and enlarge spray angle. �is is better observed in the right graph since free-jet
takes more to reach the optical limit due to a lower injection pressure respect to the le� plot. It is important to
highlight that spray surface calculation is underestimating the antisymmetric-spray surface area since the very
thickness of the spray front vortex is covering the real pro�le of a transversal cut, but this e�ect is similar for all
points and the calculation is still clarifying and qualitatively valid.
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3.3. Vapor SWI visualization

Figures 17; 18 and 19 show spray spreading in the same direction of wall (upwards) vs. time a�er SWI or τw . �is
temporal reference is useful to achieve a be�er understanding of the spray-wall interaction from its beginning,
helping to have a direct comparison between di�erent conditions. However, from the whole injection perspective,
it is also interesting to take into account that the parametrical changes that a�ect τw , will have a di�erent behavior
under ASOI reference. For instance, piston geometry or SWI timing could be evaluated by studying atomization
and gas-fuel mixing may vary in synchronized injections.
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Figure 17: Spreading along the wall (top) and its R-parameter (bo�om) for di�erent injection pressures and temperatures (ρamb = 35 kgm−3;
dw = 50mm; θw = 45°; Fuel = D2). Le�: Test conditions at Tamb = 800K. Right: Gas temperature Tamb = 900K

Figure 17 shows spray spreading and its respective R-parameters, for di�erent rail pressures and ambient tem-
peratures. �e trends of those parameters remain the same as previously seen for penetration and, additionally,
RY is nearly constant as it was observed for RS . �erefore, spreading is proportional to the square root of time,
which establishes a direct analogy between it and free penetration. In other words, even if SWI leads to spray
deposition, momentum losses and its distribution in all directions along the wall, the plate does not a�ect the
nature of the spray advancement in a pressurized ambient. However, the values observed for RY are lower than
the observed for RS in Figure 9 (same operating conditions and fuel) due to the momentum distribution along
all the wall directions, respect to the free spray that goes, broadly speaking in just one direction.

In Figure 18 the analogy between free-jet and SWI cases in terms of the e�ect of gas density and fuel is also
evident. Gas density, as expected, decelerates spray velocity due to gas entrainment e�ects. On the other side,
D2 sprays are slightly slower than nC12 ones due to the di�erences on viscosities. However, this e�ect is weak
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Figure 18: Spreading along the wall (top) and its R-parameter (bo�om) for di�erent ambient densities and fuels (Tamb = 900K; prail =
100MPa; dw = 50mm; θw = 30°). Le�: Spray of diesel #2. Right: Results with n-dodecane
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Figure 19: Spreading along the wall (top) and its R-parameter (bo�om) for di�erent wall positions (Tamb = 800K; ρamb = 22.8 kgm−3; prail
= 150MPa; Fuel = D2). Le�: Wall at 30mm from the injector tip. Right: Wall positioned at dw = 50mm

in comparison to the one of ambient density.
Finally, regarding wall position, in Figure 19 a comparison of spray spreading for di�erent wall distances and

wall angles is shown. What is clear is that narrow wall angles promote a faster spreading due to the heterogeneous
distribution of the momentum in all wall directions a�er impingement. Spray main direction (the one in which
Y+ is measured) su�ers less deviation and opposition from the wall and goes faster as it is more similar to be
horizontal. In regards to wall distance respect to the injector tip, what it is observed is that in a time reference
a�er τw , it has negligible e�ect in the momentum (visible in R-parameter). Not only the e�ects of a higher
impingement velocity and higher losses at a shorter distance are balanced, but momentum �ux is similar for
both cases. �is similarity at di�erent wall distances is observed with a temporal a�er τw reference and it has to
be considered that it is strongly a�ected by wall distance, that is to say, that a spray will spread more on a closer
wall for the same time a�er the start of injection.

An additional value of R-parameter de�nition, is that it does not only allow to characterize spray penetration
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in terms of a nearly constant variable (in the steady stage of spray development) that is not dependent of time, but
also to establish a direct comparison between free-jet and spray-wall advancement. Figure 20 shows theRY /RS

ratio, depicting the proportion of the steady spray-wall spreading respect to free penetration which, due to the
redistribution of spray momentum �ux in all directions of the wall, is always lower than 1. It is in agreement
with the previously shown results how wall distance has no remarkable e�ect onRY /RS and on the other hand,
how wall angle has a very clear control on this momentum distribution that favors the more inclined cases.
Nevertheless, it is interesting to highlight how operating conditions (prail in the X-axis and di�erent ambient
temperature and densities in both le� and right plots) do not have apparent e�ect on R-parameter ratio, which
is to say that the weight of the e�ect of those parametrical changes is quite similar for both RS and RY . �en,
walls that are closer to be horizontal, would exhibit higher RY /RS ratio while results for perpendicular walls
converge to 0.4 for the hardware and conditions presented in this work, and to be even more stable with injection
pressure, due to the more homogeneous deviation of the spray in all directions of the wall.
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Figure 20: R-parameter ratio (RY /RS ) for di�erent injection pressures and wall con�gurations. Le�: Tamb = 800K and ρamb = 22.8 kgm−3.
Right: Tamb = 900K and ρamb = 35 kgm−3.

�e results of the spray thickness study are shown in Figures 21, 22 and 23, as mentioned, at 10, 20 and 30mm
from the ‘collision point’, respectively referred to as Zth10, Zth20 and Zth30. First, it can be observed that the
pa�ern that the thickness follows is to present a bump due to the spray head vortex and then to reach a stable
value. It is also observed how thickness depends on the measuring point, presenting a thicker spray at larger
distances showing how the spray opens as it spreads along the wall. Figure 21 shows thickness for di�erent gas
temperature (le�) and injection pressure (right). As the other characteristics of the spray, it seems that spray
thickness is not a�ected by ambient temperature. On the other side, in the case of the injection pressure e�ect,
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it is shown how the peak value is similar for all cases but the stable value is slightly shorter at higher pressures.
High rail pressures lead to a faster spray stabilization and shorter spray heights do to its larger spreading com-
ponent, and the viscous friction inside the spray. �e evolution of thickness is also proportional to the square
root of time, in accordance with [50].

Regarding the e�ect of gas density and fuel properties, it is shown in Figure 22. It can be seen how high gas
densities promotes thicker sprays due to gas entrainment. �e lower density and viscosity of dodecane respect
to diesel makes it to be slightly thicker. Additionally, it is also possible to compare the thickness at di�erent
measuring points, showing how the spray opens while travels along the wall. From all aforementioned behaviors
of spray thickness respect to its pro�le and how it is a�ected by di�erent variables, it can be observed that there
is a visible analogy between spray angle and spray-wall thickness, as happens between penetration and wall
spreading. However, the in�uence of parametrical variations is slightly weaker for spray thickness due to the
partial exposure of an impinging spray to the ambient gas in comparison to a free-jet.
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Figure 22: Spray thicknesses for di�erent gas densities (le�) and fuels (right) at di�erent distances from the ‘collision point’ (Tamb = 900K;
prail = 150MPa; dw = 30mm; θw = 30°).

Figure 23 shows some tests at di�erent wall positions in terms of distance and inclination. At di�erent wall
distances, it can be seen how the stabilization of the thickness is reached quicker and at higher values when the
distance is larger. �is is produced by two factors: the higher velocity of collision of the spray, which makes the
impact and spreading processes more turbulent and initially more unstable, and the shortening on the stage at
free-jet conditions. On the other side, the e�ect of wall angle is also shown, showing a slower stabilization of
the thickness at angles closer to perpendicularity, due to the more abrupt deviation of the spray direction and
the greater disturbance in the spray morphology. Still, the Zth10 plot shows a trend of a developed thicker spray
at wider angles, even when the starts of the curves are out of phase due to the variation of spreading velocities
with wall angle.

3.4. Free liquid spray visualization

In regards to the liquid phase of the spray that was visualized via DBI, transient liquid penetration is observed in
Figure 24-top. As it could be expected, it is largely a�ected by temperature as a consequence of the enhancement
of the kinetic energy of molecules at the spray surface, which reduces the distance that the liquid core is able to
reach. Gas density increases gas entrainment rate and improves the mixing rate, shortening liquid penetration
too. prail, on the other side, has negligible e�ect on liquid length due to the equilibrium between fuel injection
rate and gas entrainment increases with rail pressure [51]. Evaporation rate is higher for n-dodecane due to
its higher volatility and lower overall distillation temperature, as it is consistently observed in the �gure. As
an observation, it can be noted how liquid penetration curves are slightly growing in the steady injection stage
until reaching a constant value. �is has been considered a product of a higher fuel temperature at injection
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start because the injector tip is in direct contact with the high temperature gases and then, during the injection
event, the fuel �ows through the injector and cools the tip down resulting into a larger liquid length. Similarly
as happened with the spray angle, an averaging window was taken to calculate a mean liquid length LL, in this
case, from 2 to 4 milliseconds where the most stable and representative interval is found.

�ese averaged results are shown in Figure 24-bo�om set. �e behaviors with parametrical changes remain
as mentioned for all the points and show to be signi�cantly weaker at short liquid lengths. Generally it can
be said that liquid length is an energy-balance-driven variable while vapor penetration is essentially driven by
spray momentum. Dashed lines are used to represent the wall distances of the test plan, and it is seen that there
are many points that do not reach any wall and just few of them barely enter in contact with the 50mm one,
(particularly low temperature and density points) ones. Additionally, through this methodology it was found that
the presence of the wall does not affect liquid length when maximum liquid penetration is too short to reach the
wall and then, a liquid SWI. �erefore, the set of points for the study of liquid-wall interaction is more limited
than for the vapor phase, and the wall at 30mm from the injector tip will be the most valuable for information
extraction.

3.5. Liquid spray-wall interaction

�e in�uence of changing the wall con�guration on liquid spray spreading is illustrated in Figure 25, together
with the one of injection pressure. As observed, injection pressure has no important e�ect on liquid spreading.
�is leads to an interesting conclusion: this happens not only because the same evaporative mechanisms of liquid
length at free-jet conditions apply, but also droplets break-up caused by jet-wall collision does not shorten the
liquid spreading by increasing impingement velocity. At free-jet conditions, both fuel injection and gas entrain-
ment rates are incremented and maintain the energy balance, making that liquid length remains unchanged with
rail pressure [52, 53]. At SWI conditions, the balance between the droplets break-up given by the impact and the
fuel injection rate is also maintained and liquid spreading is mainly driven by evaporation [54, 15]. Regarding
wall position, Figure 25-le� shows variation on wall distance and it is observed how for the 30mm wall, the
contact with the spray is well de�ned while in the 50mm it barely reaches the wall. In the right plot, it can be
seen how, as it could have been expected from vapor results, the distance that the liquid jet is able to reach is
larger if the wall is inclined and has as preferable direction the one in which spreding is measured.

As previously mentioned, spray contour of Schlieren imaging do not represent a transversal cut of the spray
due to the gas cloud that is formed by the head front that goes in all directions. �is is di�erent for the liquid
phase due to the morphology of the colliding jet (Figure 4, bo�om) that do not have elements that could cover
the central plane of the spray. From this, the assumption of an axisymmetric spray for calculation of variables via
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and it is observed for di�erent conditions in Figure 26. �is de�nition is particularly interesting since it allows
to compare also points at free-jet conditions in terms of evaporation regime and also because this parameter is
independent on how well de�ned is the jet-wall contact. As it was observed for liquid spreading, the rail pressure
e�ect on spray volume is not important. Evaporation is stronger for n-dodecane than for diesel, which means
a shorter steady volume but a larger transitory growth from the start of injection. Ambient temperature has a
huge e�ect con liquid volume as it can be expected from previous results. As spreading, liquid volume is not
a�ected by injection pressure but it is appreciably a�ected by wall distance. �is means that the la�er e�ect can
not be a�ributed to the changes on pre-impingement velocity. An alternative explanation is the prompter change
of spray morphology that varies how the exposition to the hot gases is: spray-gas contact area gets larger when
the jet impacts in comparison of a free-jet case and this promotes higher gas entrainment and evaporation rates
due to the enhancement on heat transfer. �is e�ect is stronger and more signi�cant if the wall is closer to the
nozzle outlet, and specially if it is compared to a free-jet case.

3.6. Modeling impinging spray behavior

An accurate prediction of geometrical features of the spray is of great interest for several applications such as
design of propulsion systems. A huge amount of correlations have been proposed by di�erent works in order
to predict the free-jet [45, 55, 51]. Nevertheless, models for SWI are harder to be found in literature. Di�erent
models use a droplet-wall impact to propose correlations for a macroscopic spray development [56, 21]. More
sophisticated and complex CFD models are widely used in order to achieve spray simulations at engine-like
conditions [48, 57, 58].

�is work aims to an intermediate approach, using the large amount data previously gathered (196 test points)
to propose some correlations for spray macroscopic behavior at inert conditions. Table 4 indicates the standard
form of the models that are proposed in this paper for each parameter and the di�erent parameters that are

Table 4: Summary of the models created for the di�erent parameters obtained from experimental results. Variables inputs and outputs are
all in MKS system.

PARAMETER = β0 · ρβ1amb ·∆pβ2 · T
β3
amb · dβ4w · sinβ5(θw) · d

β6
Zth

Coe�cients β β β β β β β R

Input units [−] [kgm−3] [Pa] [K] [m] [◦] [m] [%]

R-parameter from spray free penetration ∂(Sv)/∂(t/) [m/s1/2]

D2 (No-wall) 0.03858 -0.245 0.255 0 0 0 0 97.9
nC12 (No-wall) 0.04074 -0.245 0.255 0 0 0 0 98.4
D2 (Any-wall) 0.0390 -0.245 0.255 0 0 0 0 97.4
nC12 (Any-wall) 0.04127 -0.245 0.255 0 0 0 0 97.8

Liquid free length LL [m]

D2 (No-wall) 26927 -0.4274 0 -1.82 0 0 0 96.4
nC12 (No-wall) 31528 -0.5436 0 -1.812 0 0 0 97.3

Spray vapor angle φv [◦]

D2 (No-wall) 7.9347 0.2948 0 0 0 0 0 96.1
nC12 (No-wall) 9.4367 0.2478 0 0 0 0 0 96.0
D2 (Any-wall) 8.1220 0.2948 0 0 0 0 0 89.5
nC12 (Any-wall) 9.6537 0.2478 0 0 0 0 0 92.2

Time of start of SWI (ASOI referenced) τw [s]

D2 93.134 0.5025 -0.541 0 -0.125 0 0 99.1
nC12 92.924 0.5025 -0.541 0 -0.125 0 0 98.8

R-parameter from spray vapor spreading ∂(Y+)/∂(t/) [m/s1/2]

D2 0.01602 -0.245 0.255 0 0 -0.6082 0 91.2
nC12 0.01613 -0.245 0.255 0 0 -0.6082 0 89.8

Steady spray thickness along wall Zth [m]

D2 0.1605 0.16 0 0 0.388 -0.095 0.442 90.1
nC12 0.1675 0.16 0 0 0.388 -0.095 0.442 88.7
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included there. ∆p is the di�erence between rail pressure and chamber gas pressure, expressed in Pa and dZth is
the measuring distance of spray thickness along the wall (10mm; 20mm and 30mm as shown in Figures 21; 22
and 23) represented in meters. �e equation form has been made generic for all parameters to ease the comparison
between di�erent conditions and metrics. In accordance to [51, 46] spray angle is signi�cantly a�ected by gas
density and fuel properties, so the e�ect shown in the correlations has been implicitly included in the ones of
other parameters to keep their standard form, by not expressing them in function of other expressions (i.e. free
penetration as function of tan(φv/2) [45, 44]). Additionally, all parameters that remained unchanged for all the
test points (such as injector geometrical features, wall material and/or quality-related characteristics, fuel cooling
se�ings, etc) are not expressed in the correlations and are implicitly included into the di�erent coe�cients. A
similar criterion was used with fuel properties and to di�erence between free-jet and SWI conditions, that has
been to use the coe�cient β0 to absorb those e�ects. If Table 4 indicates that a coe�cient βi is equal to zero, its
parameter is excluded from the correlation for not having statistical signi�cance (high p-value and no important
e�ect on R2).

As observed before, ambient density and injection pressure are relevant for spray vapor penetration, and
the coe�cients that are shown in Table 4 in fair match with the proposed by several researchers such as Naber
et. al. [45] and Desantes et. al. [44]. �e variation between those fuels is slight in agreement with the �rst
results shown in Figure 10 due to their di�erent viscosities. τw is, as expected, penetration-like a�ected. �e
correlation tailored for liquid length has a high coe�cient of determination R2 with slight variations in β3, in
contrast to β0 and β1 as both fuel density and fuel viscosity have an e�ect on LL but the strongest one is given by
the evaporative properties of the fuel. Spray spreading on the wall is signi�cantly a�ected by the impingement
angle and spray thickness is considerably sensitive to the measuring point respect to the injector tip and the wall
distance respect to the injector nozzle outlet. All these trends and their good agreement with the experimental
data is summarized in Figure 27 showing a high con�dence degree represented by the narrow area occupied by
points around the x = y line, and the generally high R2 obtained for all the regressions.

4. Conclusions

In the present research, the e�ect of fuel properties and both operating and wall positioning conditions over
the inert spray development in spray-wall interaction situations has been experimentally studied in a constant-
�ow �ow facility. A single-hole ECN injector has been employed in all the experiments to inject two di�erent
fuels, and the spray have been observed simultaneously with two cameras using di�erent optical techniques, to
visualize its vapor and liquid phases. �e geometrical features of the impinging jet has been characterized and
some correlations with good agreement with experimental data have been proposed.

Vapor penetration showed to be highly a�ected by spray momentum �ux, while liquid phase variables are
driven by vaporization mechanisms that a�ect heat transfer with the ambient, such as gas density and specially,
gas temperature. Spray angle is mainly controlled by gas density by means of gas entrainment. However, the
presence of a wall showed an slight widening on spray angle respect to a free-jet due to the change on spray
morphology: when the spray starts spreading onto the wall, a larger area of it is exposed to the gases and promotes
gas entrainment.

Vapor spreading and vapor free penetration can be considered analogous due to their similar sensitivity to
parametrical variations and their proportionality respect to the square root of time. �is la�er feature made
possible the use of a novel variable referred to as R-parameter to make an analysis of penetration and spreading
regardless of the temporal reference. For inclined walls, the spray has a preferential direction onto the wall and
the momentum is not distributed homogeneously in all directions, as ideally happens for a perpendicular wall,
which presented a slower spreading in the direction of interest. Another anaglogy was also found between spray
angle and spray thickness on the wall, which are similarly a�ected by the di�erent variables. Furthermore, spray
thickness grows as the spray travels further on the wall.

In regards to liquid phase, liquid length showed trends that are in accordance with literature. At SWI condi-
tions, injection pressure showed a negligible in�uence, and the liquid jet is able to reach larger distances from
the collision point with closer and more inclined walls. Liquid jet volume has been calculated and its behavior is
similar to the observed for liquid length and spreading. It also allowed to observe that evaporation and air-fuel
mixing are not a�ected by the impinging velocity of the spray, but the change of spray morphology improves its
heat transfer with the surrounding hot air.
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