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Abstract: Recent x-ray measurements performed at Argonne have demonstrated the ability to visualize
erosion damage within a multi-hole injector and revealed material damage in all orifices. To understand
the impact of injector geometry features on internal flow development and injector exit conditions,
multiphase flow simulations of flow within different injector configurations were performed. In the noneroded injector, the sharp inlet corner into the orifice is observed to induce high cavitation intensity levels
in the first third of the orifice. At the orifice exit, no cavitation is predicted and a symmetric velocity profile
is observed. In contrast, lower levels of cavitation are observed at the orifice inlet of the eroded injector
due to the local area expansions and pressure losses. Due to asymmetries in the erosion patterns on the
upper and lower orifice surfaces, a higher velocity core is observed towards the bottom of the orifice,
which results in an asymmetric velocity profile. Overall, the erosion patterns in the orifice were predicted
to induce up to a 2% decrease in the injection velocity and fuel flow rate relative to the baseline geometry
at the 500 bar injection pressure tested in this study.
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1. Introduction
To comply with regulation standards, direct injection engines have steadily increased injection
pressure. However, these conditions can lead to erosion in fuel injectors and reduced performance [1].
Manufacturers must certify engine emissions for their full useful lives, and the need to minimize injector
wear can often preclude running under the most efficient operating conditions. To develop accurate models
for injector durability, researchers at Argonne National Laboratory carried out a joint experimental and
computational study of the impact of erosion on injector performance.
This work aims to elucidate the impact of internal geometry details on cavitation erosion development
and the injector exit flow conditions. First, internal flow simulations were performed on a non-eroded
injector, which represents the reference geometry prior to endurance testing. Using CTSegNet [2], a new
software toolkit for x-ray image processing, high-resolution x-ray scans of the eroded injector were
processed into a 3D geometry and used for internal flow simulations. The predicted flow development
between the non-eroded and eroded injector geometries are then analyzed to draw conclusions about the
impact of geometry details on the predicted cavitation erosion and injection conditions.

2. Computational Model Set-up
In order to evaluate the impact of local geometry changes due to erosion on the internal flow
development, multiphase flow simulations were performed in the baseline and eroded injectors. The
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eroded injector surfaces were generated from the x-ray image analysis workflow described in Tekawade et
al. [2]. Surface details inside the aluminum injector tip are visualized in Figure 1(a), including a swirl
pattern in the sac from the machining process and erosion patterns along the length of the orifices.
Reference x-ray scans were not performed prior to injector endurance testing. As a result, the eroded
injector geometry was used to infer the non-eroded injector geometry. Because erosion patterns are only
observed in the orifices, the x-ray scanned sac and orifice inlet surfaces were stitched to the nominal orifice
geometry. This process yielded an “x-ray informed” geometry, as shown in Figure 1(b), which was used to
simulate the non-eroded injector case. The computational set-up for modeling pressurized fuel through an
injector has been validated by the authors in previous publications [3-5], but the salient details are
summarized here.

a)

b)
erosion

from machining
process
Figure 1. The transient injection event is represented by applying a moving boundary condition to the injector needle.
The needle lift profile is shown in (a). The modeled domain and grid refinement strategy is shown in (b).

2.1. Injector Configuration and Operating Conditions
Using the commercially available code CONVERGE [6], internal flow simulations were performed for
pressurized liquid n-dodecane fuel in the non-eroded and eroded A-M3 injectors. The A-M3 injector is
geometrically similar to the Spray Combustion Consortium (SCC) M1 injector from the work of Yasutomi
et al. [7]. However, instead of featuring five holes, the A-M3 injector has three side-oriented holes that are
nominally oriented at an angle of 73° with respect to the needle axis and are characterized by a sharp inlet
radius of curvature to promote cavitation. The transient nature of the approximately 1 ms injection event
was captured with a moving boundary condition for the needle based on the measured needle lift profile.
The injection condition and fuel properties studied in this work are listed in Table 1. The fuel is liquid
n-dodecane at a temperature of 323 K, which is injected at a pressure of 500 bar into a nitrogen-filled
chamber with an ambient pressure of 1 bar. Dissolved gas in the fuel is represented using a trace amount
of non-condensable gas species (YN2 = 2e-05) in the fuel, based on recommendations from Battistoni et al. [8].
Table 1. Summary of the injection condition and fuel properties studied in this work.

Fuel

Injection
Pressure

Ambient
Pressure

Fuel
Temperature

Saturation
Pressure

Bulk
Modulus

Reference
Fuel Density

n-dodecane

500 bar

1 bar

323 K

133.3 Pa

1.475 GPa

727.4 kg/m3
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2.2. Internal Flow Modeling Approach
A complete model description can be found in previous work by the author [9-10], but the key details
are summarized here. The cavitating flow within the injector is treated as a compressible, homogeneous,
multiphase mixture of four components and two phases: liquid and vapor fuel, non-condensable gas, and
ambient gas. The transient simulation methodology for the multiphase mixture is based on the solution of
the filtered form of the conservation equations of mass, momentum, and species. Turbulence closure is
achieved using the Large Eddy Simulation (LES) technique, which allows for large-scale turbulent
structures to be resolved while the impact of small-scale eddies on the flow is modeled. To characterize the
effects of sub-grid scale turbulence, a one-equation dynamic structure model [11] is employed. The gas
phase is described by the Redlich-Kwong equation of state and the liquid phase is treated as a compressible
barotropic fluid. A variable time-step algorithm with a maximum acoustic-based Courant-Friedrichs-Lewy
(CFL) number of 0.35 results in time steps on the order of 1 ns. A minimum mesh size of 2.5 µm is applied
at the boundaries of the orifice and needle seat region, based on a grid-convergence study reported in [12].
This grid refinement strategy results in a simulation with a peak cell count of over 13 million, which
requires approximately 1440 CPU-hours per 10 µs of simulated time.

3. Results
Using the non-eroded and eroded injector geometries, multiphase flow simulations were performed
to contrast the cavitation and erosion development. A comparison of the cavitation development in the
injector is shown in Figure 2. In the non-eroded injector, the sharp inlet corner into the orifice is observed
to induce high cavitation intensity levels in the first third of the orifice. However, at the orifice exit no
cavitation is observed. In contrast, lower levels of cavitation are observed in the eroded injector due to the
local area expansions and pressure losses. Due to the erosion patterns in the orifice, local cavitation
formation is observed and predicted to affect the injection conditions.
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Figure 2. High-resolution x-ray scans of an eroded multi-hole injector conducted at Argonne’s Advanced Photon
Source revealed erosion damage in the injector orifices, as indicated by the yellow arrows. Comparison of the predicted
injection conditions from the non-eroded orifice (left) and eroded orifice (right) highlight the impact of erosion on
cavitation formation, injection velocity, and ultimately fuel delivery rate.

A comparison of the injection conditions, based on the predicted total void fraction and velocity
magnitude at the orifice exit, is also shown in Figure 2. In general, comparatively lower injection velocities
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are observed for the eroded injector. The cause of this difference can be found by evaluating the predicted
flow development along the length of the non-eroded and eroded orifices, as shown in Figure 3. In the noneroded geometry, the local area contraction at the orifice inlet results in cavitation formation and local flow
acceleration, as shown in Figure 3 (a) and (c), respectively. Downstream of the orifice inlet, the velocity
profile decelerates but maintains a relatively constant profile across the diameter of the orifice. In contrast,
although the flow accelerates in the first 5% of the eroded orifice length, as highlighted in Figure 3(d), the
local area expansion due to erosion results in a large pressure loss and deceleration of the flow. Due to the
asymmetries in the erosion profile, a higher velocity core is observed towards the bottom of the orifice and
results in an asymmetric injection profile, as shown in Figure 2. Overall, the erosion patterns in the orifice
led to a 2% decrease in the predicted injection velocity and fuel flow rate relative to the baseline geometry.
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Figure 3. A comparison of the predicted flow development for (a-b) total void fraction and (c-d) velocity magnitude
distributions for the non-eroded and eroded injector geometries respectively. The visualizations are shown along the
central slice at the time instant of maximum needle lift.
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