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Abstract: The wall-impingement phenomenon significantly impacts mixture formation, combustible
performance, and pollutant release in DISI engines. However, there is insufficient knowledge
regarding the behavior of fuel adhesion. Thus, here, we examine adhesive fuel features at various
injection pressure levels (5 and 10 MPa) in a cross-flow field (0 to 50 m/s). The RIM optical method
was employed to track the expansion and distribution of fuel adhesion. As a result, adhesive fuel
features such as area, mass, thickness, and lifetime were assessed. Postprocessing image analysis
reveals that fuel adhesion was consistently thinner at the edge region. With increased injection
pressure, the cross flow led to a rise in the fuel-adhesion area and mass; however, small changes in
pressure did not affect adhesive thickness. Adhesive thickness significantly decreased in the cross
flow, indicating enhanced evaporation potential. Furthermore, lifetime prediction was conducted to
quantitatively evaluate the impact of cross flow and injection pressure upon fuel adhesion, which
could be calculated by examining the decreasing trend in adhesive area. Results show that the lifetime
was dramatically reduced with higher cross-flow velocity, and slightly decreased with lower injection
pressure. Under injection pressure of 10 MPa, the adhesive lifetime in the cross-flow field of 50 m/s
was reduced by 77.5% compared with the static flow field (0 m/s). The experimental results provide
corresponding guidance for low-carbon fuel utilization and emission reduction in DISI engines.

Keywords: DISI; cross flow; wall impingement; RIM; fuel adhesion

1. Introduction

The DISI engine, known for its superior fuel economy and high thermal efficiency, is
increasingly popular in the field of ICEs [1]. During the transitional stage towards carbon
neutrality, it is also essential to enhance the efficiency and reduce the emissions of ICEs [2].
Nevertheless, DISI engines face challenges arising from increased injection pressure and
reduced cylinder volume, which inevitably cause fuel spray impingements on piston or
cylinder-wall surfaces [3]. Fuel adhesion can occur after wall impinging, which slows
down the fuel evaporation rate and forms a fuel-rich zone just above the wall, leading to an
increase in emissions [4,5]. As a result, reducing fuel adhesion is a key strategy in emission
mitigation. Therefore, it is very important to explore and comprehend the underlying
formation and expansion mechanisms of fuel adhesion on flat walls.

The effects of multiple variables on adhesive fuel features have been thoroughly in-
vestigated. Wall parameters such as the impingement distance and angle [6,7], wall rough-
ness [8,9], and temperature [10,11] play a critical role on adhesive features. Wang et al. [6]
compared the adhesive features of the initial conditions of dry and wet walls using the
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laser-induced fluorescence (LIF) optical method. Results demonstrated that the impinge-
ment angle was quite important for the distribution of fuel adhesion. Smaller and thicker
fuel adhesion was much more likely to appear on the wet-wall surface. According to
Cheng et al. [7], the fuel-adhesion area and thickness both decreased as impingement dis-
tance increased. Furthermore, the thicker adhesion area increased as the impinging degree
decreased. Luo et al. [8] found that the distribution uniformity decreased as wall roughness
increased. In addition, Kobayashi et al. [9] found that the lifetime decreased as wall rough-
ness increased. Saito et al. [10] proposed that the fuel-adhesion area is significantly affected
by the wall temperature. The influence of the wall temperature was further experimen-
tally and numerically studied by Jüngst et al. [11], who found that the wall temperature
determined the fuel-adhesion temperature, and the evaporation rate increased as the wall
temperature increased. In addition, injection and ambient parameters such injection and
ambient pressure [12–15], injection duration [16,17], the dwell time of spilt injections [18],
injection timing [19], and ambient temperature [19] have a strong effect on adhesive features.
Xiao et al. reported that the horizontal diffusion distance of the spray was larger than the
width of fuel adhesion [12]. In addition, the fuel-spray expansion was more susceptible to
ambient pressure than it was to fuel adhesion. Luo et al. examined adhesive features with
various injection and ambient pressure levels at different ambient temperature conditions
using the refractive index matching (RIM) optical method [13,14]. They found that fuel
adhesion increased with injection pressure in room temperature, but it showed a different
tendency in higher ambient temperature. Regardless of ambient temperature, a rise in
ambient pressure might enhance fuel adhesion. Maligne et al. discovered that fuel adhesion
increased with a longer injection time [16]. Wang et al. investigated split-injection strategies
on fuel-adhesion formation [18], and increasing the dwell time could decrease both the
concentration and dense adhesion lifetime. Wu et al. postulated that the rate at which
fuel adhesion forms increases quickly as the injection timing is brought forward [19]. Ac-
cording to a previous investigation [20–22], fuel adhesion was inversely related to ambient
temperature, which means that an expanded high-temperature zone helps in accelerating
the evaporation and combustion of fuel adhesion. Adhesive-distribution uniformity is
improved with an increase in ambient temperature. Furthermore, adhesive fuel features
are affected by fuel parameters such as type [23] and temperature [24,25]. Liu et al. [23]
proposed that there is a critical adhesive thickness level that triggers boiling behavior, and
the critical adhesive thickness of various types of fuel was strongly dependent on their
surface tension. Schulz et al. [24] found that fuel adhesion did not always decrease with
fuel temperature. When the fuel temperature reached a threshold value, a phenomenon
called spray constriction occurs as a result of flashing in which a concentrated mass of
fuel adhesion forms in a localized zone. This means that emissions could be increased by
delaying the evaporation process. Critical temperatures were developed for various fuel
types to prevent fuel adhesion. Most researchers focus on adhesive features created by
impinging spray in order to prevent the formation of fuel adhesion. Most of them, however,
did not consider the air-flow effect, which should be investigated further because air flow
inside the cylinder has an unavoidable effect on adhesive fuel features [26,27].

Recently, Shunsuke et al. [28] simulated a port fuel injection and examined the adhesive
fuel features within the intake port. In most cases, cross flow is capable of simulating air-
flow movement inside the cylinder [29,30], which is quite important at the end of the
exhaust period [31]. A significant number of studies have been performed on the topic of
cross flow. Guo et al. focused on free spray from the perspectives of macroscopic spray
morphology, flow field analysis, and microscopic droplet distribution [32,33]. Their results
showed that the droplets distributed upstream of the flow field were obviously larger than
those distributed downstream. Numerous small droplets were blown downstream to form
a thin spray region, and their movement speed was similar to the cross-flow velocity. In
addition, the spray pattern of the Karman vortex street occurred downstream. However,
limited research has focused on wall-impinging spray behavior, particularly adhesive
features after impingement. Si et al. [34] investigated the features of the impinging spray
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from macroscopic and microscopic perspectives, and compared the spray shape before
and after the fuel impinging on the wall, and the droplet size and velocity. As a result, the
shape of a vortex could be seen in the spray head region, and the overall area could be
expanded as the cross-flow velocity increased. Li et al. [35] reported that the dispersion of
the wall-impinging spray was enhanced as the cross-flow velocity increased. Furthermore,
Zhang et al. quantitatively analyzed the wall-jet vortex formed by the spray impinging
on the wall [36]. A contributive factor was proposed to assess the influence degree of
cross flow on vortex structures, and the vortex core height could be greatly increased
with a cross-flow effect at a higher ambient pressure. Subsequently, the fuel-adhesion
mechanism was revealed with a horizontal flat wall in the cross-flow field [37]. Results
demonstrated that fuel adhesion alternated between the thick and thin regions. The cross
flow could accelerate the evaporation of fuel adhesion. Although some studies focused
on wall-impingement spray, no studies have reported on the adhesive features of inclined
wall-impinging spray at various injection pressure levels with cross flow, which is quite
important for the sustainable design of DISI engines. Additionally, simulation work is
important for the prediction of adhesive features, but there is a lack of research on the
subject. Safiullah et al. investigated spray and droplet behaviors with various nozzle-hole
diameter and injection pressure levels using a simulation tool, finding that smaller holes
with higher injection pressure had larger spray angles and better atomization [38–40].

The above literature review shows that it is crucial to conduct a comprehensive
investigation on the formation and expansion of fuel adhesion in a cross-flow field while
considering the effect of injection pressure. To address this research gap, fuel adhesion at
various injection pressure levels within a cross-flow environment was analyzed as follows.
First, the RIM optical method was employed to acquire the raw images of microscopic fuel
adhesion. Next, a MATLAB code was utilized to process the raw images, and adhesive
fuel features, including fuel-adhesion area, mass, and thickness could then be obtained.
Moreover, the distribution and expansion mechanism of fuel adhesion was further revealed.
Lastly, the fuel-adhesion lifetime was predicted using the expansion tendency of the fuel-
adhesion area.

2. Experimental Equipment and Method
2.1. Wind Tunnel and Experimental Conditions

Figure 1 illustrates the cross-flow wind tunnel and observation chamber that enabled
the creation of a uniform cross-flow environment for examining the wall-impingement
spray and fuel adhesion. The cross-flow velocity and ambient pressure could be adjusted
simultaneously using two throttle valves and metal covers installed upstream and down-
stream, respectively. For the atmospheric-pressure investigations, the metal cover had to be
entirely opened, and the appropriate cross-flow velocity could be achieved by adjusting
Throttle Valve 1. For the higher-ambient-pressure investigations, the metal cover had
to be kept closed. By adjusting the two valves simultaneously in this case, the desired
experimental conditions could be achieved. To complete the wall-impingement experiment,
a 7.7 µm rough-surface quartz glass panel was employed at a 10◦ angle in the observation
chamber, allowing fuel spray to impinge upon the inclined wall.
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Table 1 presents the comprehensive experimental conditions employed in this work.
Toluene, the test fuel, was introduced into the cross-flow environment using a mini-sac
single-hole injector at injection pressure of 5 and 10 MPa with a consistent injection pulse
of 2.8 ms. The cross-flow velocity varied: 0, 10, 30, or 50 m/s. The experiments were
conducted under standard atmospheric pressure and room temperature. Table 1 shows
additional experimental parameters.

Table 1. Experimental conditions.

Injection Conditions

Nozzle diameter, D (mm) 0.15
L/D 2.2

Pressure, Pinj (MPa) 5.10
Pulse, tinj (ms) 2.8

Impingement condition

Shape and size Rectangle (125 mm × 70 mm)
Distance (mm) 50

Angle (◦) 10
Roughness (µm) Ra 7.7

Photography condition

Optical methods RIM
Frame rate 10,000 fps
Frame size 1024 × 640

Image resolution 7.7 pixels/mm

2.2. RIM System Arrangement

Figure 2 depicts the RIM system arrangement that could be utilized to determine the
adhesive fuel features. In order to microscopically view the fuel-adhesion distribution, a
high-speed video (HSV) camera was positioned beneath the observation chamber, and a
xenon lamp light source was positioned diagonally beneath the observation chamber. A hot
wire anemometer was employed to measure the cross-flow velocity, and the interior ambient
pressure could be directly shown using a digital pressure sensor. The programmable
logic controller (PLC) was designed to send a trigger signal to the delay generator, and
simultaneously control the injection and photography system when these two signals
satisfied our target experimental conditions.

2.3. RIM Principle and Calibration Experiment

The RIM technique was developed by Drake [41] and is predicated on the principle
that fuel (1.43–1.49) and quartz glass (1.46) possess comparable refractivity. This principle
is shown in Figure 3. When the top surface is dry, light undergoes refraction and diffuse
reflection at the glass’s bottom, where it is captured by the HSV camera due to the large
difference in refractivity between the glass and air. However, more light passes through
after fuel adhesion occurs on the top surface because of the similar refractivity between
glass and tested fuel, leading to less light being diffusely reflected and captured by HSV
camera. The percentage of transmitted light increases as adhesion thickness increases,
which decreases image brightness. More detailed information on the RIM principle can be
found in [42,43].

According to the RIM principle, adhesive fuel features could be assessed using this
optical method. The reference surface brightness was first Ire f (x, y), and Iwet(x, y) was used
to indicate the surface brightness after fuel adhesion. A simple equation is proposed to
describe the difference in transmittance ∆I(x, y) before and after fuel adhesion.

∆I(x, y) =

(
1 − Iwet(x, y)

Ire f (x, y)

)
× 100%, (1)
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Furthermore, ∆I(x, y) could be expressed as the f function of the fuel adhesion thick-
ness from the principle of the RIM technique.

∆I(x, y) = f [h(x, y)], (2)

where f has a strong relationship with the surface roughness of the flat wall and the
arrangement of the whole optical system, which could be established through calibrating
the correlation between the differences in transmittance and fuel adhesion thickness.
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In Figure 4, that the horizontal axis shows ∆I(x, y), while the vertical axis shows h(x, y).
A second-order polynomial was used to fit all of the calibration point data to a curve, as
shown in Figure 4. Then, Equation (3) was used to express the functional relationship f of this
fitting curve. As shown in Figure 4, R2 represents the fit degree of the regression model to the
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calibration data. The value of R2 reached almost 98%. After the calibration calculation, the
RIM optical method could be used to measure adhesion thickness.

h(x, y) = 3.416∆I(x, y)2 − 0.131∆I(x, y) (3)
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2.4. Image Processing for Fuel Adhesion

The image processing procedure is shown Figure 5, and detailed information regarding
it can be found in [37]. In this work, adhesive fuel features were obtained to evaluate
the degree of fuel adhesion. The nozzle tip served as the origin (0, 0) of the coordinate
system with the projecting point on the flat wall representing the geometric wall impinging
point. All experimental results are the average values obtained from three experiments
conducted in identical conditions. Standard deviation is a statistical measure used to
express uncertainty associated with experimental results.
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3. Results and Discussion
3.1. Formation and Expansion of Fuel Adhesion

Figures 6 and 7 depict the expansion of fuel adhesion after the end of the injection
(EOI) under cross flow or not when the injection pressure was set at 5 and 10 MPa.
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As shown in Figure 6, the distribution of fuel adhesion was symmetrical without cross
flow, but the actual impinging position moved from the geometric wall impinging point
to downstream with cross flow. Meanwhile, the adhesion shape gradually tended to be
stretched with cross flow. Compared with the horizontal flat wall [37], adhesion was thicker
at the actual impinging position, and thinner downstream and at the edge regions when the
spray impinged upon the inclined wall. When the cross-flow intensity was not so strong,
the adhesion area increased as cross-flow intensity increased. However, when the cross-
flow velocity was 50 m/s, the fuel-adhesion area decreased due to the deformation of the
spray. In addition, results show that the cross flow particularly accelerated the evaporation
of fuel adhesion, which led to the gradual disappearance of the thinner distribution in the
edge regions.

In addition, the results of the influence of injection pressure are depicted in Figure 7.
Compared to the color of fuel adhesion, the adhesion thickness of the central region
increased as injection pressure increased when the cross-flow intensity was insufficient
(less than 30 m/s). The fuel-adhesion area also seemed to increase a little as the injection
pressure increased in the cross-flow field. Additionally, Pan et al. [44] discovered through
microscopic photography that, due to the high horizontal velocity component of the
droplets produced with the wall jet, many droplets slid and migrated away from the flat
wall rather than adhere. This behavior of the droplets produced by the wall jet could
result in a greater decrease in fuel-adhesion area compared with that with the spray width
distributed along the horizontal direction.
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3.2. Fuel-Adhesion Area, Mass, and Thickness

In order to more deeply comprehend the relevant process for the expansion of the
fuel adhesion in a cross-flow field, the adhesive features were quantitatively evaluated as
shown below. Meanwhile, the quantitative data for 50 ms and 300 ms ASOI can be found
in the Appendix A.

Figure 8 demonstrates the area of fuel adhesion after EOI with or without cross flow
when the injection pressure was set at 5 and 10 MPa. Regardless of injection pressure,
the adhesion area was sharply reduced with time in a cross flow, with a faster decline
as cross-flow velocity increased. Nevertheless, since all experiments were conducted at
room temperature, the area of fuel adhesion decreased quite slowly without cross flow,
confirming the previous conclusion that cross flow augments fuel-adhesion evaporation.
The fuel-adhesion area at the initial impinging time was also very different with the increase
in cross-flow velocity. If the flow-field intensity was not very strong (less than 30 m/s),
the initial fuel-adhesion area increased, which indicates that the cross flow dispersed and
distributed the fuel adhesion more. When the flow-field intensity was sufficiently high
(50 m/s), however, the initial fuel-adhesion area was significantly reduced. This could
be attributed to cross flow enhancing spray atomization and enabling some fragmented
droplets to be carried downstream without coming into contact with the wall. Moreover,
the injection pressure had a diminishing effect on this phenomenon, leading to a larger
initial fuel-adhesion area as the injection pressure rose.

Figure 9 demonstrates the mass of the fuel adhesion after EOI with/without cross flow
when the injection pressure was set at 5 and 10 MPa. The fuel-adhesion mass rapidly de-
clined over time in the cross flow, exhibiting a similar trend to that of the fuel-adhesion area.
The greatest difference is that, without cross flow, there was little change in the fuel mass
attached over time. Although Figure 8 demonstrates that the fuel-adhesion area gradually
evaporated over time, Figures 6 and 7 suggest that the thinner fuel adhesions distributed at
the edges were more likely to evaporate, resulting in only a slight change in fuel-adhesion
mass. Simultaneously, the initial fuel-adhesion mass varied considerably with the increase
in flow-field intensity. If the flow intensity was not so strong (less than 30 m/s), the initial
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fuel adhesion mass increased, which could be attributed to more atomized droplets being
entrained by the cross flow and subsequently adhering to the flat wall. When the flow-field
intensity was large enough (50 m/s), however, the initial fuel-adhesion mass was signifi-
cantly decreased. This could be ascribed to the cross flow enhancing spray atomization
and enabling more droplets to be carried downstream without coming into contact with
the wall. Moreover, this effect was intensified as the injection pressure decreased, leading
to a smaller initial fuel-adhesion mass as the injection pressure dropped.
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Figure 10a displays the maximal fuel-adhesion thickness after EOI with/without
cross flow when the injection pressure was set at 5 and 10 MPa. Results show that the
maximal thickness gradually increased because the impinging droplets continually adhered
to the flat wall. Figure 10b shows that the average thickness value also rose with time.
Subsequently, the rate of increase tended to decelerate. The average thickness initially
tended to decrease as the flow field intensity increased. However, results show that the
adhesion thickness had an abnormal tendency inside a strong cross flow; for example, the
fuel-adhesion thickness dramatically decreased after 200 ms ASOI at injection pressure of
5 MPa, and slightly decreased after 200 ms ASOI at injection pressure of 10 MPa due to the
substantial decrease in fuel-adhesion area with strong flow-field intendency. Overall, small
changes in the injection pressure had negligible impact on fuel-adhesion thickness.
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Figure 10. Fuel-adhesion thickness after EOI.

3.3. Fuel-Adhesion Distribustion

The probability density function (PDF) was utilized so that the distribution uniformity
of fuel adhesion could be further comprehended. The minimal value of the distribution
interval, which was determined on the basis of each pixel’s thickness value, was 0.05 µm so
that proper statistical distribution could be guaranteed.

Figure 11 presents the PDF of fuel adhesion after EOI with/without cross flow when
the injection pressure was set at 5 and 10 MPa. The distribution curve shifted to the left
side according to the cross-flow results, indicating a decrease in fuel-adhesion thickness as
the flow-field intensity increased. Furthermore, adhesion thickness had both thicker and
thinner values, as evidenced by the two peaks in Figure 11. Over time, the thinner portion
of fuel-adhesion thickness decreased, while the thicker portion increased, demonstrating
the transformation between the thin and thick fuel adhesion regions. As shown in Figure 11,
the fuel adhesion was concentrated in the 2.0–2.5 µm range without a cross flow and was
more focused than that in a cross-flow field. Additionally, the thicker side greew as injection
pressure increased.
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4. Prediction of Fuel-Adhesion Lifetime

Due to the negative effect of fuel adhesion inside DISI engines, it is essential to know
the fuel-adhesion lifetime. Lifetime prediction was used to quantitatively evaluate the effect
of flow-field intensity and injection pressure on fuel adhesion, which could be calculated by
examining the decreasing trend in adhesion area. Results are shown in Figure 12: the fuel-
adhesion lifetime was considerably diminished as the flow-field intensity increased. Under
injection pressure of 10 MPa, the adhesion lifetime in the cross-flow field of 50 m/s was
reduced by 77.5% compared with that with a static flow field (0 m/s). Concurrently, the fuel-
adhesion lifetime experienced a slight reduction with minor changes in injection pressure.
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5. Conclusions

In this work, the RIM technology was primarily utilized to investigate adhesive
features at various injection-pressure levels in a cross-flow field, which had not previously
been reported. The most important conclusions are summed up below.

(1) The actual position of the wall impingement went downstream with the cross flow,
while the edge region was the thinnest at the main impingement area.

(2) The fuel-adhesion area showed a gradual decrease over time that was related to the
fact that the cross flow accelerated the evaporation of fuel adhesion. Moreover, the
fuel adhesion area expanded as the injection pressure increased.

(3) The fuel-adhesion mass obviously decreased with time in the cross-flow field, and the
drop speed was proportional to flow-field intensity. Additionally, the fuel-adhesion
mass increased as the injection pressure increased.

(4) Both average and maximal fuel adhesion thickness increased with time. The aver-
age fuel-adhesion thickness initially tended to decrease as the flow-field intensity
increased. However, small changes in injection pressure had little effect on fuel-
adhesion thickness.

(5) Predictably, under 10 MPa of injection pressure, the adhesion lifetime in a cross-flow
field of 50 m/s was reduced by 77.5% compared with that with a static flow field (0 m/s).
Additionally, the adhesion lifetime decreased with a slight decrease in injection pressure.

6. Future Work

In the future, we plan to numerically simulate the wall-impingement spray using
the experimental data obtained in this study to verify and improve the wall-film model.
We also expect to record the behavior of microscopic droplets near the wall to verify the
fuel-adhesion mechanism in the cross-flow field.
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Nomenclature

ASOI After start of injection
DISI Direct-injection spark-ignition
EOI End of injection
HSV High-speed video
ICEs Internal-combustion engines
LIF Laser-induced fluorescence
PDF Probability density function
PLC Programmable logic controller
RIM Refractive index matching
Pa Ambient pressure
Pinj Injection pressure
tinj Injection pulse
Ux Cross-flow velocity

Appendix A

Table A1. Average value of fuel adhesion area at 50 ms ASOI (mm2).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 404.75136 446.70054 506.22294 412.98772
Pinj = 10 MPa 395.07997 423.90932 691.88663 508.65309

Table A2. Average values of fuel adhesion area at 300 ms ASOI (mm2).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 337.62861 204.04052 149.47293 48.62329
Pinj = 10 MPa 331.6439 235.39067 234.95882 109.53435

Table A3. Average value of fuel adhesion mass at 50 ms ASOI (mg).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 0.52027 0.51146 0.49186 0.37797
Pinj = 10 MPa 0.54298 0.53422 0.65174 0.51707

Table A4. Average values of fuel adhesion mass at 300 ms ASOI (mg).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 0.51188 0.32116 0.1752 0.03922
Pinj = 10 MPa 0.53656 0.4105 0.31292 0.13217
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Table A5. Average values of fuel adhesion thickness at 50 ms ASOI (µm).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 1.48272 1.32102 1.12147 1.05724
Pinj = 10 MPa 1.58662 1.45364 1.089 1.16631

Table A6. Average values of fuel adhesion thickness at 300 ms ASOI (µm).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 1.74873 1.81554 1.3462 0.8771
Pinj = 10 MPa 1.8685 2.01151 1.53716 1.36153

Table A7. Fuel adhesion lifetime (ms).

Injection Pressure
Cross-Flow Velocity

Ux = 0 m/s Ux = 10 m/s Ux = 30 m/s Ux = 50 m/s

Pinj = 5 MPa 2000 640 530 450
Pinj = 10 MPa 1900 920 820 580
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