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High injection pressure in diesel engines can lead to cavitation-induced erosion in injector
nozzles. One important factor affecting the severity of erosion is the fuel and its properties.
Traditionally, modeling and simulation studies have used single-component
representations of fuels, but realistic fuels feature a multitude of components and can
even include volatile additives such as water and alcohol. To provide realistic benchmarks
and comparisons, experimental measurements quantifying erosion characteristics were
made using ultra-low sulfur diesel (ULSD) and two alternative diesel fuels (ADF). X-ray
imaging and computed tomography were used to investigate cavitation-induced erosion
onset and progression. Hard X-ray tomography revealed injector internal geometry,
including details such as surface marks from the manufacturing process and erosion
patterns from repeated injections. Erosion progression was measured using X-ray
tomography and imaging performed between injections. The critical erosion site was
found to be similar across different fuel blends, while the erosion rate and incubation time
were sensitive to the fuel blend. The injector geometry and the erosion characteristics were
also prepared for numerical model development and validation.

Keywords: direct injection, diesel, cavitation-induced erosion, x-ray diagnostics, fuel spray

1 INTRODUCTION

In modern diesel engines, injection pressures have been steadily rising to improve engine
performance and efficiency and to decrease emissions and their environmental impact (Reitz
et al, 2020) However, higher injection pressures can lead to cavitating fuel flow in injectors
(Arcoumanis et al., 2000; Andriotis et al., 2008). Cavitating flow can not only affect the fuel
spray downstream of the orifice but also can induce erosion and cause damage to the injector surface,
further affecting the downstream spray characteristics. Damage due to erosion can quickly
counteract any benefits gained by raising the injection pressure. Durability studies have shown
that in as little as 600 h, cavitation damage has been detected in common-rail injection systems
(Tzanetakis et al., 2018; Tzanetakis et al., 2020). Accurate models for estimating injector durability
are crucial for maintaining efficiency throughout the engine’s life cycle.

Another recent trend in diesel engine development is interest in alternative diesel fuels (ADF)
(Riiff et al., 2017; Wei et al,, 2018; Sun, 2020; Gaspar, 2021). ADFs include blendstocks that aim to
reduce the fuel’s environmental impact by using renewable sources for components. However, an
important requirement for these ADFs is maintaining engine performance compared to standard
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FIGURE 1 | A schematic of the injection experiment and X-ray
diagnostic setup.

diesel. There have been many investigations on the effect of ADF
blends on their spray and combustion characteristics (Park et al.,
2009; Liu et al,, 2011; Liu et al., 2015; Gaspar, 2021).

For blended fuels, investigating cavitation behavior is
particularly important due to preferential cavitation, the
cavitation of different fuel components at different rates (Vidal
et al, 2021). In addition, cavitation and cavitation-induced
erosion are sensitive to changes in fuel properties that result
from blending additional components into diesel fuel (Magnotti
and Som, 2020; Rachakonda and Magnotti, 2021).

A better understanding of the multi-component fuel cavitation
and subsequent erosion characteristics are required for
improving model predictions. Numerous experimental and
modeling studies have investigated cavitation in diesel
injectors (Gavaises et al., 2009; Duke et al, 2014; Westlye
et al., 2016; Mitroglou et al., 2017; Battistoni et al, 2019;
Cristofaro et al., 2020; Maes et al., 2020; Magnotti et al,
2021b; Pratama et al., 2021). However, Skoda et al. (2011)
showed that the relationship between cavitaion and erosion
may be more complicated. Using varying fuel properties and a
sensitivity analysis, Magnotti and Som, (2020) found that the
vapor pressure is the dominant factor for cavitation (positively
correlated), but the fuel’s viscosity is the dominant factor for
erosion severity (negatively correlated). In fact, density, vapor
pressure, and surface tension are found to have a small effect on
erosion. That is, a fuel with high vapor pressure and viscosity may
lead to increased cavitation, but the erosion risk may be lowered
compared to a fuel with lower viscosity.

An ongoing challenge has been the sensitivity of cavitation to
small-scale features of the nozzle geometry, motivating the use of
realistic nozzle geometries and modeling that incorporates the
fuel’s chemical components.

Most diagnostic techniques to study cavitation in situ require
optical access. This often forces compromises in the pressure, size,
shape, and material used for laboratory experiments when
compared to typical diesel injectors. These compromises limit
the data that is, available for model validation purposes. Single
component surrogate fuels are used often to model diesel fuel, but
diesel is a multi-component mixture that can vary in its
composition and properties (Mueller et al, 2016). This
challenge is compounded when considering ADFs which
combine diesel with blendstock, increasing the complexity of
representing the fuel properties and the need to incorporate
models of preferential cavitation (Rachakonda and Magnotti,
2021; Vidal et al., 2021).

Experimental Investigation of Cavitation-Induced Erosion

This paper details measurements of the internal geometry,
erosion rate, and critical sites in injector nozzles using X-ray
diagnostics to assist in the development of a multi-component
cavitation and erosion prediction model. X-ray studies allow
detailed measurements of the injector’s internal geometry,
informing more accurate boundary conditions for modeling
(Matusik et al., 2018; Guo et al., 2020; Sforzo et al,, 2022). In
addition, X-ray imaging of the injector orifice walls over a
number of injections provides insights into the erosion
process, as well as quantification of the erosion rate and the
critical locations where erosion is likely to occur. In this work, we
present measurements and analysis of realistic injector nozzles
running real fuels. Using ultra-low sulfur diesel (ULSD) and two
ADF blends with additives manufactured by Sylvatex, X-ray
tomography and imaging is used to quantify cavitation-
induced erosion within the orifices of a multi-hole injector. In
addition to providing validation data for numerical models under
diesel injection-relevant conditions, the results offer insights into
the relationship among fuel properties and the resultant erosion
patterns, rates, and relative erosion risk.

2 MATERIALS AND METHODS
2.1 Injection Setup

Experiments were performed at the 7-BM beamline of the
Advanced Photon Source at Argonne National Laboratory
(Kastengren et al., 2012a). The injector is a Bosch CRIN 3
diesel injector with its tip partially removed, which allows
different nozzles to be installed (Yasutomi et al, 2020;
Magnotti et al., 2021a). The nozzles were manufactured from
Al 6061-T6 to observe erosion with fewer injection events relative
to steel and within laboratory-relevant timescales (Magnotti et al.,
2019). The nozzles used in the experiments feature three side-
oriented orifices, which have a 73° angle with respect to the
injector needle axis. While this is fewer holes than a production
diesel injector, it allows for a clear visualization of a hole in
projection without overlap from neighboring holes. The three
holes also have a sharp inlet radius of curvature, which is intended
to promote cavitation (Magnotti et al., 2021a). The injector is
mounted on a rotational stage, which is then sealed in a pressure
chamber with X-ray transparent windows. A schematic of the
injector setup is shown in Figure 1.

Fuel at room temperature is delivered to the injector using a
common-rail injection system operating with a nominal rail
pressure of 150 MPa. The injector is triggered at a rate of
10 Hz using an electronic driver with a commanded 480 us

TABLE 1 | Fuel properties of ULSD and the two alternative diesel fuels. Vapor
pressure and density were measured at 25 C, while dynamic viscosity was
measured at 40 C.

ULSD ULSD—MicroX1 ULSD-—MicroX2
Vapor pressure (Pa) 133 4,533 4,400
Density (kg/m?) 838 846 855
Dynamic viscosity (Pa.s) 2.14 x 1073 2.45 x 1078 2.71 x 1078
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TABLE 2 | Nozzles and the fuels used for the injection experiments.

Nozzle Fuel
AMS3-1 ULSD—MicroX1
AM3-2 ULSD

AMS3-3 ULSD

AM3-4 ULSD

AMB3-5 ULSD—Microx2
AM3-6 ULSD—Microx2

duration, resulting in an actual hydraulic injection duration of
1.5 ms. The fuel is injected into the chamber, which is maintained
at an ambient pressure of 0.1 MPa using nitrogen gas. Nitrogen
flows through the chamber at a rate of 4 L per minute to purge
residual vapor fuel and fine droplets from previous injection
events.

Three different fuels were tested for investigating the nozzle
erosion characteristics: ultra-low sulfur diesel (ULSD) and two
ULSD blends with different additives. The additives are MicroX1
and MicroX2, manufactured by Sylvatex. Table 1 shows the basic
properties of ULSD and the two ADF blends. There is a
significant difference between ULSD and the two blends in
their vapor pressures. Six nominally identical nozzles were
manufactured and cleaned using an ultrasonic water bath for
5 min, rinsed with acetone, dried with compressed air, and then
used for erosion measurements. Table 2 shows the six nozzles,
their corresponding labels and the fuel blend used in the injection
experiments. The nozzles were manufactured in two batches, with
the first three being AM3-1, AM3-2, and AM3-3. Improvements
in the machining process and a slight taper to the orifices
(negative K-factor) were introduced to the second batch of the
nozzle tips. It is important to note that each nozzle batch contain
nominally identical nozzles.

2.2 High-Resolution X-Ray Tomography
High-resolution X-ray computed tomography (CT) scans were
performed on select nozzles before and after the experiment.
AM3-1 was scanned before any injections with ULSD occurred.
AM3-4 was scanned after 19,000 injections with ULSD while
AM3-6 was scanned after 25,000 injections with ULSD-MicroX2
blend. The X-ray tomography setup at the 7-BM beamline is
optimized for geometry measurements of fuel injector nozzles.
This method has been shown to accurately measure injector
orifice diameter with errors as low as 1.6 ym (Matusik et al,
2018). A detailed explanation of the methods, setup, and analysis
is detailed in Matusik et al. (2018). In brief, a broadband (white)
X-ray beam passes through a set of filters and slits to control the
beam size and filter the low-energy photons that would otherwise
get absorbed by the metal injector body. Injectors are mounted
without the pressure chamber described in the previous section
for this measurement. X-rays that pass through the injector are
absorbed by a scintillator, which emits visible light directed to a
camera.

A series of projection images of each nozzle is acquired while
the injector rotates 180°. Bright and dark field images are acquired
with the injector moved out of the image frame and the X-ray

Experimental Investigation of Cavitation-Induced Erosion

shutters closed, respectively, and used for intensity
normalization. Tomographic reconstruction is done using an
open-source Python code TomoPy (Giirsoy et al, 2014). A
Fourier transform algorithm gridrec is used for the
reconstruction process accompanied by a Parzen filter (Dowd
et al., 1999; Marone and Stampanoni, 2012). The reconstructed
volume is segmented into air and metal voxels using CTSegNet, a
segmentation workflow using convolution neural networks
(CNN) (Tekawade et al., 2019). The segmented volume is
converted into an isosurface as a detailed representation of
injector geometry and a computational mesh. In addition, the
reconstructed volume is used for a geometric analysis of the
nozzle orifices using a process detailed in Matusik et al. (2018).
The reconstruction volumes are aligned with the orifice axes and
the orifice wall edges at each slice are fitted with ellipses, which
provide statistics related to the orifice diameter and area.

2.3 In-situ X-Ray Imaging and Tomography
With the injection system setup as described in Section 2.1,
limited-view in-situ tomography scans and projection images
were acquired as a number of injections were performed. The
limited-view tomography is similar to the high-resolution
tomography described in the previous section, but the
angular range is limited to 145" as opposed to 180° due to
structural supports that mount the injector and the rotational
stage in the pressure chamber. In addition, the spatial
resolution is decreased from 1.30 ym/pix from the high-
resolution imaging setup to 2.93 um/pix due to changes
required in the imaging system. As a result of these
challenges, the tomographic reconstruction of these scans
contains reconstruction errors and artifacts that could not
be addressed. However, one of the three nozzle orifices was
aligned properly with the rotational range and unaffected by
the reconstruction artifacts. Therefore, the nozzle orifice
geometric analysis as performed on the high-resolution
reconstructions was limited to the single orifices acquired
in-situ.

Projection images were also acquired at a single fixed angle to
image the orifice geometry between each injection. Before any
injection takes place, ten images of a nozzle orifice were acquired
and averaged to improve the image’s signal-to-noise ratio. This
process was repeated approximately every 3,000 injections to
record the erosion process within the orifice.

A sample image from the AM3-2 injector operated with
ULSD is shown in Figure 2A. The portion of the image
containing the orifice of interest (highlighted in red) is
rotated and cropped. In Figure 2B, the rotated and cropped
image showing the projections of the top and bottom surface in
the orifice can be seen. Most of the pixels within the orifice are
set to zero to prevent any gas bubbles or metal fragments from
being detected as the orifice boundary (Figure 2C shows an
example of a gas bubble captured within the orifice). A Sato
filter is used to enhance the edge detection process (Sato et al.,
1998). The distance between the top and bottom edges is then
measured at each pixel along the orifice axis to provide a
measure of the orifice size vs. downstream distance in the
orifice.
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B

FIGURE 2| (A) A projection image of AM3-2 nozzle with O injections. The region with the orifice of interest is highlighted. (B). The orifice region cropped and rotated,
acquired at O injections (top). Image after applying a Sato filter (bottom). (C) The same orifice imaged after 26,175 injections with ULSD (top). Image after applying a Sato

filter (bottom).
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FIGURE 3 | The needle tip displacement in axial and later directions.

2.3.1 Needle Lift

The projection images were also acquired during injections to
track the injector needle motion. Using a high-speed CMOS
camera recording at 50 kHz, a series of images were acquired
recording the needle motion. The location of the needle tip is
tracked through cross-correlation, providing axial (“lift”) and
lateral (“wobble”) movements. A detailed explanation of the
needle lift measurement and post-processing steps are detailed
in Kastengren et al. (2012b). The needle lift data is also provided
as a CFD boundary condition.

3 RESULTS
3.1 Needle Motion

Figure 3 shows the needle movement in both the axial and lateral
directions. The lateral movement is very small, with a maximum
displacement of 10 ym off-axis. The minimized lateral movement
is important to note, as large off-axis motion has been found to
promote asymmetric internal flow and cause phase transition at
the orifice (Torelli et al., 2019). In addition, a recording of 100
injection events 0.46 ms after the initial command (near full
needle lift position) revealed that the shot-to-shot repeatability
is excellent, with the maximum variation is less than 9 ym. The

minimum variation across multiple injections once again
minimizes asymmetry in the injector internal flow and orifice-
to-orifice variation (Torelli et al., 2018).

3.2 Geometry

As the injector nozzles were manufactured in two separate
batches, the difference between the two nozzle generations can
be seen in Figure 4. Compared to AM3-1 in Figure 4A, the
nozzles from the second batch (shown in 4b and c¢) show
improvements in the sac and orifice surfaces. The most
notable feature is seen in the sac, where machining marks are
plainly visible in Figure 4A, where as the second batch nozzles
AM3-4 and AM3-6 have cleaner sac surfaces. While the injector
geometry can influence the flow cavitation, the erosion
measurements presented in the ensuing sections show that the
differences between the two batches are minimal and do not affect
the erosion patterns greatly.

The isosurfaces of the three nozzles characterized by X-ray
tomography are depicted in Figure 4. Even in the unused nozzle
(AM3-1, Figure 4A), machining patterns in the sac and
imperfections in the orifice are visible. After improvements
were made to the injector tip machining process, analysis of
the AM3-4 and AM3-6 injector tips, which were manufactured
later in the experimental campaign and are visualized in Figures
4B,C, confirms that these machining patterns are not observed in
the sac. The iso-surfaces were subsequently prepared for
computational fluid dynamics (CFD) mesh generation.

Erosion patterns are clearly visible within the orifices in AM3-
4 and AM3-6. Most of the erosion occurs within the first third of
the orifice length and is concentrated on the top and bottom
surfaces, which will conveniently aid the in-situ imaging
measurements in quantifying the erosion rate and location.
Very little erosion is seen near the orifice exit. A qualitative
assessment of the injector isosurfaces indicates that less erosion is
observed in the AM3-6 injector operated with ULSD-MicroX2
relative to the AM3-4 injector operated with ULSD, even after
enduring 6,000 more injections.

3.3 Orifice Tomography and Imaging

To quantify the degree of cavitation erosion from the tomography
data, the orifice area is measured by fitting an ellipse on the
reconstructed volume (Matusik et al., 2017; Matusik et al., 2018).
As stated in Section 2.3, the in-situ tomography data acquired
during the injection experiments have a lower spatial resolution
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injections with ULSD.

FIGURE 4 | Three CT-scanned geometries of the nozzle tips. (A) AM3-1, unused. (B) AM3-6 after 25,000 injections with ULSD-MicroX2. (C) AM3-4 after 19,000
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compared to the high-resolution tomography and only a single
orifice had sufficient data quality for reconstruction. Figure 5
shows the measurements acquired for the orifice of interest from
three different nozzles, with AM3-1 and AM3-4 missing the
initial clean measurements with 0 injections. Figure 5 once again
highlights the slight differences between the two batches of the
injectors. AM3-1 features a K-factor of 0 (or constant orifice
diameter) whereas AM3-4 and AM3-6 feature a negative K-factor
(or expanding nozzle geometry). The second-generation injector
tips (AM3-4 and 3-6) have similar orifice geometries.

The orifice area measurements provide information on the
erosion location and rate. The severe erosion shown in AM3-1
and AM3-4 is concentrated around 200 ym from the orifice
entrance. AM3-4 and AM3-6 in 5b and c also show the orifice

slightly diverging from the entrance to the exit. This characteristic
is not seen with AM3-1. The MicroX2 blend once again shows
much less erosion occurring compared to the MicroX1 blend
and ULSD.

These results can be compared with those from the high-
resolution tomography. Figure 6 shows the comparison between
the low and high-resolution tomography scans. The spatial
resolutions are 1.3 um/pix and 3.2 um/pix for the high and
low-resolution tomography measurements. The hole numbers
were matched using identifiable marks present in the nozzle. In
AM3-4, there are variations in the amount of erosion occurring
from orifice to orifice. Orifices 2 and 3 show more erosion than
orifice 1. AM3-6 shows that very little erosion occurred in all
three orifices.
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FIGURE 9 | Projection images of the AM3-1 nozzle using MicroX1 fuel
blend at three different injection counts: (A) 4,878, (B) 13,878, (C) 25,878.

Comparing the in-situ and high-resolution tomography
data, Figure 7 shows the orifice measured by both methods,
and the data has been normalized using the orifice area at the
entrance. AM3-4 shows that the low-resolution data tracks
well with the high-resolution reconstruction, providing
additional  confidence in the in-situ  tomography
measurements.

The orifice heights measured from the projection images are
shown in Figure 8. The recorded height at every pixel along the
orifice axis is first normalized by the orifice height at 0
injections to show the change in geometry from the
baseline. A spatial averaging every 5 pixels (15um) is
performed to decrease random noise in the data. The
shaded bands represent one standard deviation within the
averaged portion. While limited to seeing the 2D projection
of the orifice wall as opposed to the 3D volume analysis using
tomography, the projection images allow for a more detailed
look at the temporal and spatial trends of the incubation
period and critical erosion location. The orifices measured
in Figure 8 are referred as orifice 2 in the high-resolution
tomography scans of the injector geometry.

Focusing on the orifice height changes in the injector nozzle
using the MicroX1 blend, images from AM3-1 showed a large
metal chip lodged in the orifice and slowly flowing out
throughout the 26,000 injections. Examples at three
different injection counts throughout the run can be seen in
Figure 9. This blockage was only visible in AM3-1 using the
MicroX1 blend. With the obstruction visible throughout the
majority of the images, it is difficult to draw any conclusions
related to the erosion rate in this orifice using MicroX1. If the
fuel flow is blocked from one orifice, it may lead to increased
flow and cavitation in the other orifices. This may explain the

Experimental Investigation of Cavitation-Induced Erosion

small amount of erosion measured with the imaging method in
this orifice relative to the erosion measured with tomography
in the other two orifices (as seen in Figure 5) but require
further evidence and examination for confirmation.

Across all nozzles, most of the erosion is focused around
200 ym from the orifice entrance, matching multiphase flow
simulations that show high cavitation intensity levels in the
first third of the orifice and no cavitation at the orifice exit
(Magnotti et al,, 2021c). The consistency in erosion location
between the different fuel blends suggests that the erosion
location is more sensitive to the injector geometry than the
fuel properties.

The three ULSD cases (AM3-2, AM3-3, and AM3-4) show
consistency in the erosion location and change in orifice
height. Also important to note that AM3-2 and AMS3-3
were generation 1 nozzles, while AM3-4 uses the improved
nozzle design. By examining the ULSD cases across the injector
designs, the effect of the geometry changes on erosion between
the two batches are inferred to be minimum. To account for
image noise and edge tracking errors, we define the erosion
incubation period (or time before first amount of material is
removed from the orifice) as more than 5% change in orifice
height. Using this metric, the incubation periods for the
MicroX2 and ULSD cases are 10,000 and 13,000 injections,
respectively. In AM3-3, two distinct steps of erosion are
visible. The first stage of erosion occurs between 9,000 and
12,000 injections and the erosion rate is very low until 18,000
injections. Between 18,000 and 20,000 injections, the erosion
rate quickly increases, and a large amount of material is
removed. This behavior is less visible in the other nozzles,
but the first increase around 10,000 and 13,000 injections for
ULSD and MicroX2 cases respectively are noticeable in AM3-3
and AM3-6. Looking at the final orifice height between the
ULSD and MicroX2 cases, the ULSD cases shows higher peaks
than MicroX2 cases with similar final injection counts,
indicating deeper erosion patterns. Similar trends are seen
comparing AM3-2 and AM3-3 using ULSD to AM3-6 using
MicroX2.

Summarizing the observations from X-ray measurements,
critical erosion sites are focused around 200um from the
orifice entrance. For the AM3-1 nozzle using MicroX1, a
significant amount of erosion is observed using in-situ
tomography in one orifice. However, the phase contrast
images showed a large metal chip in another orifice. This
blockage likely caused increased flow in the other orifices and
may explain the increased erosion in those orifices. Very little
erosion is observed for the MicroX2 cases using all measurement
methods. The initial erosion incubation time using MicroX2 is
longer, around 13,000 injections, compared to 10,000 injections
for the pure ULSD cases. Looking at Table 1, MicroX2 has higher
vapor pressure and viscosity than ULSD. Higher vapor pressure
would lead to increased levels of cavitation, but MicroX2 shows
lower amounts of erosion than ULSD. This suggests that while the
MicroX2 cases could have increased levels of cavitation, but
mitigated the erosion risk with higher viscosity, as suggested
by Magnotti and Som, (2020).
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4 DISCUSSION

X-ray tomography and imaging were used to measure the internal
geometry of injector nozzle orifices and characterize cavitation-
induced erosion. Using real fuels (ULSD and two ADFs), the
measurements were provided as validation data for model
development under realistic conditions.

Hard X-ray tomography of the injector nozzles revealed
important features such as grooves from manufacturing and
orifice to orifice variation in the erosion pattern. While small
changes were made between the two batches of injectors, ULSD
cases for both designs showed minimum effect on erosion.
Isosurfaces of the nozzle geometry were also prepared to be
used for computational mesh generation.

X-ray tomography and imaging performed in-between
injections showed the progression of erosion as it occurred on
the orifice walls. This additional information was offset by lower
spatial resolution compared to the high-resolution tomography,
but the low-resolution orifice geometry measurements matched
well with the high-resolution counterpart, providing additional
confidence in measurement accuracy. The needle motion
measurements showed minimal off-axis lateral motion and
shot-to-shot variation.

Between the ULSD and MicroX2 cases, MicroX2 cases
showed lower erosion rates and longer incubation time.
Comparisons with the MicroX1 could not be made due to
the blocked orifice. From all measurements, critical erosion
sites are focused around 200 um after the orifice opening. The
location was consistent for all three fuel blends, suggesting that
injector geometry is a bigger influence for erosion site than fuel
composition. However, some caution must be taken when
these results are considered for real steel injectors. Al 6061-
T6 alloy was used for practical purposes regarding number of
injections required for producing cavitation-induced erosion.
Several studies have compared the effects of material property
on cavitation erosion. Laguna-Camacho et al. (2013)
compared the erosion rate and pattern between various
aluminum and steel alloys. Different damage mechanisms
govern the erosion rate and the pitting patterns that form
on the surface depending on the material properties. Abouel-
(2009) similarly found different pitting
mechanisms when comparing brass, pure aluminum, and
stainless steel. A consistent finding throughout similar
experimental results is that cavitation-induced erosion is
not simply correlated to the material’s yield strength, and
the varying damage mechanisms play an important role in
quantifying erosion Franc et al. (2012); Patella et al. (2001). As
such, the erosion rate and severity measured using aluminum
cannot be related directly steel injectors. However, the nozzle
geometry is likely the dominant factor for the cavitation
location (and therefore cavitation-induced erosion) and not
affected by the material properties. This demonstrates the
value of using aluminum nozzles as a litmus test to provide
valuable information on the effects of fuel properties and
erosion location based on nozzle geometry in laboratory-
relevant timescale.

Kasem et al.
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The initial erosion incubation times for the MicroX2 cases
were longer, around 13,000 injections, compared to 10,000 for
ULSD. Comparing the fuel properties of ULSD and MicroX2,
MicroX2 has a higher vapor pressure and viscosity. While this
experiment did not directly measure cavitation, the higher
vapor pressure suggests increased levels of cavitation within
the orifices. However, the results also show an inverse
relationship between fuel viscosity and erosion severity.
Nozzles using MicroX2 show lower erosion rates and longer
incubation times. As Skoda et al. (2011) found, the results from
this experiment suggest that increased cavitation does not
always lead to higher erosion. They also support findings by
Magnotti and Som, (2020) that fuel properties affect cavitation
and erosion separately. The effect of fuel viscosity is only
expected to be a part of the larger understanding regarding
cavitation and erosion, it does provide a general trend that can
be considered when blending different components into diesel
fuel. In addition, while the findings from these two specific
ADF blends cannot be transferred to the many different blends
that are used and developed, the modeling effort this
experiment supports can be used to assess the erosion risks
of other ADFs.

The orifice height and area were prepared as validation data
for numerical model development. High cycle fatigue occurs
when more than 10,000 cycles are required to reach failure,
indicating the impact stresses are primarily below the yield
strength and cause elastic deformation. If more than one
impact occurs at a particular location within a single
injection event, then these results suggest that erosion is
due to high cycle fatigue. Although heavy duty diesel
injectors likely undergo ultra high cycle fatigue (more than
10° cycles to failure), these x-ray measurements can help
provide insight into fatigue failure due to low stress, elastic
impacts which are also expected to occur and lead to damage in
heavy duty diesel injectors. The information provided by the
geometry measurements allows for accompanying numerical
studies investigating cavitation and erosion in diesel injectors.
The erosion rates and critical sites provide quantitative
benchmarks for model development and validation of
cavitation-induced erosion due to high cycle fatigue.
Improved models for cavitating flow and injector durability
will enhance design and predictive capabilities for future
combustion systems.
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