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Abstract: The homogeneous field measurement of internal flow and spray of internal combustion
engine injector nozzles under high pressure has always been one of the difficulties in experimental
research. In this paper, an actual-size aluminum alloy nozzle is designed, and the simultaneous
measurement of internal flow and near-field spray is successfully realized with the help of synchrotron
radiation X-ray phase contrast imaging technology under an injection pressure of 30~90 MPa. For
a 0.25 mm aperture nozzle, different radii of the inlet corner can induce different cavitation layer
thicknesses, and the measured flow section shrinkage ratio is 0.70. The flow characteristics in the
nozzle are entirely connected to the jet characteristics, indicating a tight correlation between internal
flow and jet morphology. Finally, the internal cavitation of the nozzle was studied by the CFD
simulation, and the simulation results are in good agreement with the experiment.

Keywords: diesel fuel injector; internal flow; near-field spray; CFD; X-ray phase contrast imaging

1. Introduction

The atomization effect and evaporation process of fuel in internal combustion engines
produce a significant impact on combustion and emission characteristics. Phenomena such
as cavitation and string cavitation induced by the internal structure of the injector can
increase the spatial and temporal uncertainty of the flow field inside the nozzle, which
in turn affects spray characteristics. To better control and optimize the fuel spray, this
experimental study combining the fuel flow inside the nozzle with the external spray is of
great importance.

Visualization experiments play a crucial role in studying the internal flow and cavita-
tion of injectors. However, due to the small size of injector structures, many experiments
use enlarged transparent nozzles to observe fuel flow phenomena and create spray visual-
ization [1–3]. These experiments have revealed that geometry-induced cavitation and line
cavitation inside the nozzle can cause notable alterations in spray characteristics.

Relevant studies on actual-size nozzles [4–6] have revealed that the formation and
progression of cavitation are highly sensitive to the nozzle’s geometry; particularly, the
radius of the fillet at the nozzle entrance significantly influences the distribution of the
cavitation layer. By comparing experimental results of internal flow between actual-size
and enlarged orifices, it becomes evident that the cavitation structures within the orifices
are similar, but their transient development processes differ [4].

Furthermore, the visualization experiments conducted on nozzle flow face challenges
related to the poor strength of transparent materials and the difficulty of achieving a
proper experimental seal. As a result, the injection pressure in most of these experiments
does not exceed 5 MPa, which significantly differs from the actual injection pressure of
internal combustion engine injectors. However, a few notable experiments [7–9] have
successfully visualized the internal flow at higher pressure levels, reaching a maximum
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injection pressure of 70 MPa. Manin et al. [10] used a cast acrylic nozzle to visualize
internal flow at a pressure as high as 100 MPa. Despite these advancements, simultaneous
visualization of the internal flow and emerging jet remains challenging due to disparities
in refractive index and focal distance. Additionally, visible light is unable to penetrate the
liquid core, thus causing ambiguity in internal information about the liquid core. Therefore,
it is imperative to establish a connection between the spray and internal flow at actual
injection pressures to overcome these limitations.

Considering the challenges posed by experimental research, numerical calculations
serve as another effective method to investigate the internal flow and spray of injector
nozzles. Some studies have focused solely on simulating the internal cavitation flow [11–14].
Reynolds-averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) have been
employed to simulate cavitation within the nozzle hole. When comparing RANS and LES
models for cavitating flows, RANS results have shown reasonably accurate predictions
of hole cavitation under high-pressure conditions. On the other hand, LES can capture
the small-scale vortex cavitation caused by pressure fluctuations [12]. The simulation and
experimental results exhibit strong agreement in terms of the geometry and prediction of
string cavitation. Recognizing the significant impact of internal flow on the jet breakup,
researchers have also simulated the connection between internal flow and the outer jet. A
coupled VOF-Level Set LES simulation methodology was successfully utilized to predict
the spray patterns observed in X-ray images of diesel nozzles [15]. The simulated string
cavitation and jet pattern align well with the experimental findings obtained through LES.

It is worth noting that most of the studies use the cavitation experimental results at
low injection pressure to verify the numerical calculation model [16,17]. However, it should
be noted that under high-pressure conditions, significant changes occur in fuel density,
viscosity, and other physical parameters, directly impacting the accuracy of flow field
calculations. Unfortunately, there is still limited availability of experimental verification for
the model under high-pressure conditions.

In recent years, X-ray imaging technology has been utilized for experiments such
as near-field atomization effects and needle valve lift measurements [18–20]. However,
it was observed during these experiments that there was a significant X-ray attenuation
after penetrating the steel needle body, which prevented proper imaging of the internal
two-phase flow.

To establish the connection between the internal flow and spray of the nozzle, this
study uses a low-Z (atomic number) material (aluminum alloy) to fabricate the nozzle
and visualizes the internal flow and near-field spray simultaneously using X-ray phase
contrast imaging.

Sufficient X-ray intensity can be obtained through the aluminum alloy nozzle, which
is conducive to internal two-phase flow imaging, while the aluminum alloy nozzle can also
withstand higher injection pressure than the transparent material. In this paper, the actual
size of the nozzle is made, and the experimental results obtained are closer to the actual
injection situation of diesel engines. The internal nozzle flow was visualized, and cavitation
characteristics were measured quantitively. The experimental results were then compared
with the computational fluid dynamics (CFD) simulation of the internal flow. Finally, the
impact of inlet geometry on both the internal flow and the external jet is discussed.

2. Experimental and Simulation Methods
2.1. X-ray Phase Contrast Imaging (XPCI)

The imaging experiments of the nozzle internal flow and near-field spray were carried
out at the beamline BL13W1 of the Shanghai Synchrotron Radiation Facility (SSRF), which
is a third-generation synchrotron light source with a storage energy of 3.5 GeV and an
electron beam current of 200 mA [21].

A schematic diagram of the XPCI system is shown in Figure 1. Detailed imaging
principles can be found in the reference [22]. High-pressure diesel fuel is injected into the
spray chamber, which is equipped with two polyurethane windows to enable the passage
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of X-rays. X-ray energy is set at 22 keV, and as the X-rays traverse through the aluminum
nozzle and diesel fuel spray, they are converted to visible light using a scintillator (YAG:
Ce crystal, thickness 200 µm).
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Figure 1. Schematic diagram of XPCI experimental system.

The images were subsequently recorded with a charge-coupled device (CCD) detector
with 2048 × 2048 pixels, corresponding to 0.65 µm per pixel. Since the fuel was injected
under quasi-steady conditions, the selected image exposure time was 500 ms, and the
duration of each injection was about 6 s. More than ten images were taken for each set
of experiments.

2.2. Aluminum Alloy Nozzle and High-Pressure Injection System

Figure 2 illustrates the configuration of the experimental apparatus. An aluminum
alloy nozzle is securely fastened and sealed between the upper and lower flanges, and
the upper flange is equipped with an adjustable lift needle valve and fuel inlet for precise
control. High-pressure fuel is introduced into the device via the fuel inlet. The fuel flows
through the gap between the needle valve and the valve body and is ejected from the
aluminum alloy nozzle at the lower end. The experimental device has been tested to
withstand fuel pressure up to 150 MPa.
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Figure 2. Design diagram of aluminum alloy nozzle combination structure.

The needle valve lift adjustment is accomplished through a threaded mechanism, and
the test nozzle consists of a single orifice measuring 0.80 mm in length. The diameter of the
orifice is 0.24 mm, with the sac diameter measuring 0.85 mm. For this particular experiment,
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the needle valve lift remains fixed at 5 mm, with negligible impact on the internal flow
and jet.

To ensure a consistent and stable fuel injection pressure throughout the experiment, a
reliable high-pressure fuel source has been devised following hydraulic principles. Figure 3
depicts a schematic diagram of the setup. The left side is a double-acting hydraulic cylinder,
and the connecting rod drives the piston movement in the right fuel cylinder. The piston
area of the left hydraulic cylinder is six times the piston area of the right fuel cylinder, so
the fuel output pressure is six times the left hydraulic pressure. Maximum fuel pressure is
150 MPa.
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Figure 3. Schematic diagram of the high-pressure constant pressure hydraulic system: (1) diesel fuel
tank; (2) diesel pump; (3) filter; (4) check valve; (5) hydraulic cylinder; (6) hydraulic oil pressure
sensor; (7) displacement sensor; (8) piston; (9) accumulator; (10) hydraulic pump; (11) hydraulic
oil tank; (12) control valve (booster cylinder in and out solenoid valve, pressure reducing valve,
relief valve); (13) diesel pressure sensor; (14) high-pressure hose; (15) high-pressure solenoid valve;
(16) fuel chamber; (17) computer.

Real-time fuel pressure is measured by a pressure sensor (PT210B-200 MPa, accuracy:
±0.5% FS) and displayed on the computer. When the solenoid valve is energized, fuel
injection starts, and this high-pressure fuel source is capable of satisfying nozzle continuous
injection for more than 6 s.

The experiment was conducted with commercial #0 diesel fuel with a density of
853 kg/m3 and kinematic viscosity of 3.32 mm2/s, respectively [23]. The experiment injec-
tion pressures were: 30, 50, and 90 MPa, respectively, and the spray chamber environment
was ambient temperature and pressure (approx. 1.0 bar, 25 ◦C).

2.3. Simulation Method

Both RANS and LES can be used to calculate the two-phase flow in the nozzle. Con-
sidering that RANS can also obtain better precision in cavity cavitation simulation and use
less computational resources than LES, the RANS method is chosen for this paper. The
simulation software adopts Ansys Fluent 15.0. The turbulence mode used in the simulation
is k-ω (SST) mode, and the solver is Simple C, keeping the default settings of the model
parameters. A no-slip condition between the liquid and vapor phases is assumed. The
cavitation model is the Zwart-Gerber-Belamri model, and the bubble’s initial diameter is
set to 0.001 mm. The cavitation simulation method is verified by a microhole cavitation
experiment [24]. The study of similar working conditions found that when the mesh scale
of the cavitation region reaches below 1µm, the nozzle flow rate can reach stability, and the
number of grids has little influence on the calculation results [25]. It is determined that the
mesh size of the cavitation area is less than 1µm, and the mesh size of other major areas is
5–10 µm. The experiments with a pressure difference of 300 bar were selected to validate
the simulation. The flow comparison results of model verification are shown in Figure 4.
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With the decrease of back pressure, the cavitation state in the microchannel gradually
changes from no cavitation to full cavitation. The flow and cavitation morphology simu-
lation results agree well with the experimental results. The reliability of the 8 cavitation
simulation method is ensured.
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For the nozzle in this experiment, grid independence analysis was carried out, and
the results are shown in Figure 5. It can be seen that when the number of grids is close
to 1.0 million, the flow rate is stable. At this point, the minimum cavitation area mesh is
about 0.5 µm. The mesh scale of the middle region is about 5µm, and polyhedral mesh is
adopted. The mesh density of the cavitation region in the hole is similar to the results of
the mesh sensitivity analysis [25]. Therefore, the total number of grids in half of the models
is close to 1.0 million, which can ensure the effectiveness of the number of grids. Half
of the symmetric nozzle model is used, and the structured mesh totals about 1.0 million.
In the simulation, other physical parameters of diesel were selected from the data in the
literature [26].
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3. Experiment Result
3.1. Digital Image Processing

The near-field spray and internal flow images were captured when the injection was
in a quasi-steady state, and averaged images were utilized for analysis and processing.
Because of the significant difference in atomic arrangement density between the aluminum
alloy nozzle and fuel, the X-ray penetration effect differs, resulting in the fuel jet appearing
in the experimental image with an extremely similar grayscale to the air background, while
the nozzle part appears almost black, as depicted in Figure 6.
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Figure 6. Quantitative extraction process of cavitation layer thickness: (A) external jet; (B) alum-
inum nozzle.

To clearly observe the correlation between internal and external flows, it is essential to
apply appropriate image processing techniques. First, the nozzle boundary is utilized to
separate the nozzle from the jet. Parts A and B in Figure 6 represent the external jet and the
aluminum nozzle. Subsequently, the grayscale stretching operation is conducted on the
images of parts A and B individually, revealing the two-phase fuel flow inside the nozzle
and the structure of the jet outside the nozzle, as evident from the figure.

To define the rectangular region as the region of interest ROI (region of interest), the
cavitation layer thickness and distribution can be obtained using local threshold enhance-
ment and binary image operation to segment the cavitation layer and extract cavitation
information from the image.

3.2. Internal Flow and Jet Characterization

Figure 7 shows the comparison of the nozzle inlet flow and near-field jet flow under
different injection pressure conditions. There is an inlet fillet at the experiment nozzle’s
inlet, and the fillet’s radii on the left and right sides are about 40 µm and 60 µm, respectively.
The ratio between the radius of the fillet and the diameter of the orifice is about 0.17 and
0.25. As seen in Figure 7, the cavitation layer covering the entire hole appears on both sides
of the orifice wall. The cavitation thickness on the left side is larger than that on the right
side, which is consistent with the general rule of the effect of the radius of the inlet fillet
on the cavitation of the orifice. The jet state can be clearly observed as a ski-jump flow in
the experiment. Because the wall cavitation layer is connected to the air outside the orifice,
the internal flow is completely separated from the surface of the orifice, and the cavitation
layer boundary is connected to the jet boundary. Because the boundary effect of the flow is
eliminated, the ski-jump flow phenomenon causes the jet flow not to break [27].

Since X-rays interfere when they pass through the edge of the material during propaga-
tion, they improve the contrast of the edges and thus image out the internal features of the
fluid. The internal streaking characteristics of the jet flow and nozzle flow can be observed
in Figure 7. In the absence of fuel injection, no streaks were seen in the orifice, indicating
that the streak feature was not from the nozzle structure; it should be related to fuel. For
a single-hole nozzle, no swirl inside the pressure chamber induces string cavitation. The
main cavitation comes from the structure-induced cavitation caused by the reduction of the
flow area. Due to the different radius of the orifice inlet fillet, the thickness of the cavitation
layer in the orifice should also differ along the circumference. CT imaging of the internal
flow of low-pressure water pipes in the literature [28] showed that the flow structure of the
orifice was not cylindrical due to the different thicknesses of the cavitation layer, while the
cavitation collapse led to a change in the flow structure. In this experiment, the variation
in the actual inlet fillet radius results from processing factors, and cavitation is sensitive
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to inlet size. This means that in a real single-hole nozzle, it is difficult to maintain the
cylindrical shape of the jet boundary. For near-field jet flow under ski-jump flow, the jet
flow characteristics are fully connected and consistent with the flow characteristics inside
the nozzle, indicating that the jet morphology is highly coupled with the internal flow
structure. The irregularity of the jet flow surface is also a potentially important factor
affecting jet flow breakage.
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3.3. Quantitative Cavitation Layer Thickness Analysis

Quantitative measurement of cavitation layer thickness can be made based on the
high-resolution image of fuel flow in the orifice taken by X-ray. The product of the number
of pixels and the pixel size in the cavitation layer in the image is the thickness of the
cavitation layer. Figure 8 shows the cavitation layer thickness measurements at different
positions in the orifice under different pressure conditions.
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It can be seen in this figure that the thickness of the cavitation layer is at its minimum
at the orifice entrance and gradually increases along the flow direction, which may be
related to the gradually expanding orifice of the nozzle used in this experiment. Under the
same pressure condition, the thickness of the cavitation layer on the left and right sides
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is different, and the thickness of the cavitation layer on the left is obviously larger than
that on the right. This difference is due to the fact that the radius of the left fillet at the
entrance of the orifice is smaller, and the flow separation area at the entrance is larger, so the
thickness of the cavitation layer is larger. This unevenness of this cavitation layer thickness
unevenness caused by the cavitation primary position can be maintained throughout the
downstream orifice, and the cavitation layer thickness gap gradually increases along the
flow direction. With the increase in injection pressure, it seems that the overall thickness of
the cavitation layer in the orifice tends to rise; however, the increase in cavitation thickness
is generally no more than 2 µm, which is about 3 pixels when converted into pixels. This
represents the critical point for structure recognition accuracy commensurate with imaging.
In this experiment, the cavitation phenomenon shows that the experimental condition has
reached a hydro-flip condition. The cavitation area is filled with air due to air suction. The
R/D ratio between the inlet radius and nozzle diameter is around 0.17 and 0.25, as shown
in Figure 9.
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Figure 9. Cavitation comparison between present experimental results and Im’s CFD simulation [29].

From the simulation study by Im in Figure 9 [29], the cavitation threshold is around
0.55 for single-hole injectors. In the hydro-flip condition, the injection pressure has little
effect on the flow rate, and a linear relationship between flow rate and pressure difference
can be found, similar to that of a non-cavitation nozzle [30]. Therefore, further experiments
still need to test whether the injection pressure has a slight effect on cavitation thickness in
the pick flow state of this experiment.

4. Simulation Results

Based on the experimental study, the internal flow in the orifice with two different sizes
of inlet fillet is simulated. Figure 10 displays the distribution of the cavitation layer within
the orifice. As is evident in the figure, the simulation results reveal a gradual increase in the
thickness of the cavitation layer along the flow direction. The thickness of the cavitation
layer in the orifice with the inlet fillet radius of 40 µm is larger, which indicates the higher
cavitation intensity, consistent with the experiment results.
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Results show that the simulation method in this paper can predict the cavitation flow
in the nozzle well.

In Figure 11, a comparison is presented between the simulated and experimental values
of the cavitation layer thickness at an injection pressure of 90 MPa. As the figure indicates,
the overall thickness of the cavitation layer obtained through both experimentation and
simulation is quite similar. Considering that near the initial position of cavitation in
the experiment and due to the limited brightness of the original image, it is difficult to
accurately determine the initial position of cavitation after image enhancement. Therefore,
a specific deviation exists between the simulation result and the experiment result.
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5. Discussion

In this paper, the experimental measurement of an internal flow and a diesel jet
was carried out using an Al alloy nozzle assembly and synchrotron X-ray phase-contrast
imaging. The preliminary results confirm that this method effectively reveals the connection
between the internal flow structure and jet structure. The experimental results show that
the image characteristics of the flow inside the nozzle and the image characteristics of the
external jet are connected, indicating that the shape of the flow inside the nozzle determines
the shape of the exit spray.

In addition, the experimental and simulation results show that different inlet chamfer
radii will lead to different cavitation layer thicknesses in 2D cross-section. The different
thicknesses of cavitation layers will affect the three-dimensional structure of fuel in the
orifice, resulting in the outlet jet shape not being ideally cylindrical. This conclusion can
also be confirmed by CT test results of water flow in low-pressure pipes [28]. The non-
cylindrical jet was formed due to the surface irregularity caused by the different thicknesses
of the cavitation film along the circumference. The irregularity of the surface of the non-
cylinder will cause the non-uniformity of the interaction between the external field jet
and the air along the circumference, leading to differences in the location and time of the
fuel crushing.

Figure 12 shows the initial breakup morphology from a hydroground nozzle using
pure biodiesel at 50 MPa injection pressure [31]. The biodiesel with higher viscosity will
delay the jet breakup and has a larger breakup feature. This nozzle has a large inlet radius,
so there is no cavitation in the nozzle hole. It can be seen that the wave structure in
the diesel jet tended to follow the streak structure. This tendency indicates that surface
irregularity could influence the instability of fuel jets due to the uneven interaction between
fuel and air, especially in single-hole nozzles. In addition, the spray breakup process
was highly related to the spray morphology [32]. The nozzles with non-circular orifices
induce greater instabilities in the jet and cause it to disintegrate faster. From the two-phase
structure distribution of real nozzle flow, it can also be seen that there are obvious folding
characteristics at the gas-liquid interface [33]. The non-cylindrical characteristics of the
liquid phase in the hole and the fold characteristics of the liquid phase surface have been
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formed before the interaction with the outside air, which introduces the initial instability
factor to the jet surface. Therefore, in analyzing the primary breaking mechanism of the jet
outside the real nozzle hole, the instability introduced by the irregular shape of the liquid
phase surface structure must be considered.
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6. Conclusions

In this paper, an aluminum alloy nozzle was designed to study the correlation between
internal flow and a near-field spray of a diesel nozzle. Simultaneous measurement of
the internal nozzle flow and external field spray was carried out using XPCI. The CFD
simulation was also used, and the simulation and experimental results were compared.
The main findings are as follows:

(1) Aluminum nozzles combined with XPCI imaging technology can effectively achieve
the same field measurement of internal flow in the orifice and near-field spray at
higher injection pressures.

(2) The imaging streak characteristics of the internal flow in the orifice are continuous
and coincide with the external spray streak characteristics, indicating that the internal
flow strongly influences the near-field spray characteristics.

(3) The thickness of the cavitation layer of the progressively expanding orifice increases
along the flow direction, and the cavitation leads to a shrinkage ratio of about 0.70 in
the circulation cross-section.

(4) The entrance fillet significantly affects the thickness of the cavitation layer in the orifice,
with the larger entrance fillet conducive to reducing the thickness of the cavitation
layer in the orifice.
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Abbreviation

CFD Computational Fluid Dynamics
XPCI X-ray Phase Contrast Imaging
CCD Charge-Coupled Device
ROI Region of Interest
SST Shear Stress Transport
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