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A B S T R A C T

In this study, computational fluid dynamics simulations of the Engine Combustion Network
Spray C injector were performed to investigate the effect of the internal nozzle flow on the de-
velopment of the ensuing spray in automotive fuel injectors. A set of simulation best practices
was first developed to achieve an accurate representation of the internal nozzle flow. Detailed,
spatiotemporally defined information was extracted at the injector's orifice exit and stored in
maps that were subsequently employed to initialize a Lagrangian spray by means of a static,
one-way coupling (OWC) approach. To highlight the impact of the in-nozzle flow on the spray,
the OWC approach was compared with the conventional rate-of-injection (ROI) approach, for
which the spray parcels are commonly initialized using a blob injection model. The results indi-
cated that, using the ROI approach, considerable evaporation was observed within the plume in
the near-nozzle region. On the other hand, the OWC approach showed evidence of evaporation
farther downstream and at the plume periphery. The different behavior observed with the two
approaches was mostly due to substantial differences in fuel mass distribution. The liquid fuel
concentration predicted by the OWC approach matched well with X-ray tomography measure-
ments of projected fuel mass per unit volume, in terms of both magnitude and distribution. In
contrast, an unphysical distribution of fuel mass characterized by an extremely low liquid con-
centration was predicted by the ROI approach. In the far-field, the effect of the in-nozzle flow
was found to be weaker as the spray penetrated and interacted with the ambient gas. In this re-
gion, the OWC and ROI approaches provided similar predictions of vapor penetration, spray
morphology, and mixing-related characteristics.

1. Introduction

Compression ignition engines are extensively used in the transportation sector due to their performance in terms of thermal effi-
ciency, power output, and durability. While new alternatives such as electric and fuel cell vehicles are being developed and become
more mature, the use of compression ignition engines in combination with carbon-free fuels is regarded as one practical way to
achieve effective decarbonization in heavy-duty transport in the short term (Abbasi & Abbasi, 2011; Duan et al., 2021). In order to
meet the increasingly more stringent emission legislations for NOx and particulate matter, recent research on compression ignition en-
gines focused on the development of advanced combustion techniques such as homogeneous charge compression ignition (Yao et al.,
2009), premixed charge compression ignition (Kanda et al., 2005), and reactivity controlled compression ignition (Reitz &
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Duraisamy, 2015), with the overarching goal of achieving low-temperature combustion (LTC) to inhibit the chemistry of NOx and
soot formation and reduce such emissions.

The performance of LTC in compression ignition engines relies on the ability of the fuel injection systems to create the conditions
for the desired combination of fuel/air mixture at the desired timing (Krishnamoorthi et al., 2019; Peng et al., 2022). The pressure
gradient that is established between the upstream rail and the downstream combustion chamber drives the fuel across the injector
and defines the near-nozzle flow field as a combination of several factors: injection and chamber conditions, interaction between the
liquid fuel and the moving parts of the injector internal geometry, and physical properties of the fuel itself. In this last decade, signifi-
cant research has been carried out on the numerical modeling of internal and near-nozzle injection flows, enhanced by the develop-
ment of non-destructive experimental techniques and increased availability of high-performance computing. The accurate reproduc-
tion of the physics occurring inside (Baldwin et al., 2016; Chen et al., 2018) and immediately outside (Battistoni et al., 2018, 2019) of
the injector can provide useful insights into the development of the ensuing spray and how it interacts with the local environment.

A classic topic of interest in the study of in-nozzle flows is cavitation, which is the local phase change caused by a sudden and sus-
tained pressure decrease occurring inside the injector (Andriotis et al., 2008). Cavitation typically occurs at the needle seat and at the
inlet of the injector orifices where strong velocity and pressure gradients are more likely to develop. The presence of cavitation results
in perturbations to the internal flow field and significantly affects the flow characteristics such as mass flow rate, spatial mass distrib-
ution, etc. (Payri et al., 2004), which subsequently influences the spray characteristics including the liquid penetration and Sauter
mean diameter (Sou et al., 2007). To understand the impact of in-nozzle cavitation on the injection process, the Engine Combustion
Network (ECN) proposed the “Spray C″ injector, a single-hole research-grade diesel injector characterized by a sharp orifice inlet and
a diverging orifice which facilitate flow separation (Engine Combustion Network, 2023). To date, much experimental research has
been reported in the literature that aims to characterize several aspects of the Spray C injector, including injection rate (Payri et al.,
2016), in-nozzle flow patterns (Tekawade et al., 2020), spray characteristics (Gimeno et al., 2016), and combustion characteristics
(Maes et al., 2020). Similarly, computational fluid dynamics (CFD) studies have been carried out to study the flow and spray charac-
teristics both inside (Guo et al., 2020a) and outside (Bao et al., 2022) the injector. These studies indicated that the sharp orifice inlet
of the Spray C injector induced strong in-nozzle cavitation which eventually resulted in partial hydraulic flip and caused considerable
flow asymmetry at the orifice exit and immediately downstream. On the other hand, the study by Bao et al. (2022) demonstrated that
the blob injection model which assumes symmetric sprays achieved promising results against experiments when simulating the ECN
Spray C, suggesting that the asymmetry of the nozzle flow may have limited effects on the development of the spray in the far-field.

The goal of this study is to investigate the effect that the in-nozzle flow characteristics of the Spray C injector have on the develop-
ment of the ensuing spray by means of high-fidelity CFD simulations. A static coupling approach known as one-way coupling (OWC)
and developed by Quan et al. (2016) was employed to couple the Eulerian in-nozzle flow simulations with the Lagrangian spray simu-
lations. The in-nozzle flow was simulated first to generate accurate flow information at the orifice exit. This time- and space-resolved
information was stored into spatiotemporally defined maps and used with the spray simulations to initialize the spray parcels. To
demonstrate the effect of the in-nozzle flow, the OWC results were compared against those obtained with the conventional rate-of-
injection (ROI) approach, in which the details of the in-nozzle flow are not considered. More information about the OWC approach
can be found in the work of Quan et al. (2016) and Torelli et al. (2022).

The manuscript is organized as follows: first, a description of the Spray C injector and the target operating conditions is provided.
A section dedicated to the computational framework follows, in which details about the Eulerian nozzle flow modeling, the La-
grangian spray modeling, and the injection modeling methods are introduced. In the next section, the results from the in-nozzle flow
simulations are presented, with a focus on the definition of simulation best practices developed to capture the transient and quasi-
steady-state nozzle flow characteristics. Finally, the results from the Lagrangian spray simulations using the OWC and ROI approaches
are analyzed to understand and explain the effect of the in-nozzle flow on the ensuing spray. At the end of the discussion, the key take-
away points of this work are summarized.

2. Injector specifications and operating conditions

The ECN Spray C injector is a single-hole diesel injector with an axial orifice (Engine Combustion Network, 2023). Fig. 1(a) shows
a cross-section of the internal geometry of the specific injector unit used in this work (part no. 210037), which was reconstructed from
X-ray tomography measurements performed at the Advanced Photon Source at Argonne National Laboratory (Argonne). The Spray C

Fig. 1. Cross-sectional image of the X-ray-scanned geometry (left) and orifice inlet radius (right) of the ECN Spray C injector (part no. 210037).
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is designed to resemble typical heavy-duty engine injector dimensions, and it has a relatively large orifice inlet diameter of 0.185 mm.
The orifice has a diverging development which results in a K-factor of −2.5 and was intentionally manufactured in such way to facili-
tate strong cavitation within the orifice. Fig. 1(b) defines the reference system used in this study and plots the curvature radius of the
orifice inlet as a function of the angular position. The orifice features an asymmetrical geometry and a sharp inlet, with a minimum in-
let curvature radius of 33 μm. The geometrical details of the injector are summarized in Table 1.

N-dodecane, a typical single-component surrogate for diesel fuel (Pitz & Mueller, 2011), was used as the working fluid. The injec-
tion pressure was 150 MPa, and the injection duration was 1.50 ms. The injector and fuel temperature were 363 K. The fuel was dis-
charged into a chamber filled with nitrogen gas at a temperature of 900 K and a pressure of 6.0 MPa, creating an evaporative environ-
ment that is representative of realistic injection conditions in diesel engines. As nitrogen was used as the ambient gas, no chemical re-
actions are expected in this study. The operating conditions are summarized in Table 2.

3. Computational setup

Two sets of simulations were performed in this study. The first one addressed the in-nozzle flow simulations carried out within a
fully Eulerian framework. The second set focused on the spray simulations conducted via a discrete droplet modeling approach within
a Lagrangian framework. The details of the computational setup are discussed below. Note that all the simulations in this study were
realized using the CFD code CONVERGE v3.0 (Richards et al., 2022), and were run on the high-performance Laboratory Computing
Resource Center (LCRC) clusters at Argonne.

3.1. Eulerian nozzle flow modeling

The liquid-gas two-phase flow inside the nozzle was described via a single-fluid mixture model, which assumes strong coupling be-
tween the phases and a barycentric value of velocity and thermodynamic state to be accounted for in the transport equations (Leung,
1986). The homogeneous relaxation model proposed by Bilicki and Kestin (1990) was used to determine the phase change due to cav-
itation, which describes the evolution of instant vapor quality by means of a first-order relaxation towards the equilibrium value. The
model constants proposed by Downar-Zapolski et al. (1996) were employed. A large eddy simulation framework with the one-
equation dynamic structure model (Pomraning, 2001) was used to solve the larger turbulent structures and model the effects of the
sub-grid scale turbulence. The gas species were described via the Redlich-Kwong equation-of-state (EOS) (Redlich & Kwong, 1949),
while the liquid phase was modeled as compressible using an exponential barotropic fluid assumption.

The realistic nozzle geometry shown in Fig. 1 was utilized in the nozzle flow simulations. The 3-D needle motion profile obtained
via X-ray phase-contrast imaging under the test condition was used as an input, which is shown in Fig. 2. The simulations were run us-
ing a density-based transient solver for a simulated duration of 1.6 ms. The mesh size at the orifice was set at 10 μm. A variable mini-
mum-mesh-size strategy based on the gap between the needle and the seat was used to account for the needle off-axis displacement
during the injection event, as reported by Guo et al. (2020a). This mesh strategy resulted in a peak cell count of 6.4 million. A variable
time-step formulation was used, controlled by a convection Courant-Friedrichs-Lewy (CFL) number of 0.4. The spatial discretization
was achieved with a second-order central difference scheme.

Table 1
Geometrical details of the ECN Spray C injector (part no. 210037).
Parameter Value Units
Hole inlet diameter 0.185 [mm]
Hole outlet diameter 0.210 [mm]
K-factor −2.5 [−]
Orifice length 1.0 [mm]
L/D ratio 5.3 [−]

Table 2
Summary of the operating conditions.
Parameter Value Units
Fuel N-dodecane [−]
Ambient gas Nitrogen [−]
Injection pressure 150 [MPa]
Injection temperature 363 [K]
Injection duration 1.5 [ms]
Ambient temperature 900 [K]
Ambient pressure 6.0 [MPa]
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Fig. 2. 3-D needle motion profiles used in the nozzle flow simulations (left: needle lift; right: off-axis displacement).

3.2. Lagrangian spray modeling

The evolution of the spray was modeled via the discrete droplet modeling approach proposed by Dukowicz (1980). This approach
relies on a Lagrangian formulation that uses statistical entities called parcels to model the likelihood that liquid droplets characterized
by the same characteristics (e.g., diameter, temperature, density, etc.) are located in a certain area of the computational domain. The
Kelvin/Helmholtz-Rayleigh/Taylor model (Reitz & Beale, 1999) was used to model the primary breakup and atomization processes.
The O'Rourke model (Amsden et al., 1989) and the Frössling model (Amsden et al., 1997) were employed for considerations of
droplet turbulent dispersion and droplet evaporation, respectively. The turbulence model and gaseous EOS were kept identical to
those used for the in-nozzle flow simulations. The liquid phase was modeled as incompressible due to the relatively stable pressure in
the chamber.

The computational domain of the Lagrangian spray simulation was modeled as a cylinder with diameter of 50 mm and length of
100 mm. The base mesh size was set at 1.0 mm. Four levels of adaptive mesh refinement, which resulted in a minimum mesh size of
62.5 μm, were enabled wherever the local fluctuations of velocity and temperature exceeded 0.1 m/s and 1.0 K, respectively. A fixed
embedding of 62.5 μm was employed in a conical region near the orifice, extending 7.0 mm downstream of the injector tip. The simu-
lations were run using a density-based transient solver for a simulated duration of 1.0 ms. The resulting peak cell count in the simula-
tions was approximately 25 million. The spatial discretization was achieved with a second-order central difference scheme. A variable
time-step algorithm was used with a maximum CFL number of 0.4.

3.3. Injection modeling methods

The injection of Lagrangian parcels was modeled via two different approaches. The first is the conventional ROI approach in
which the parcels, initialized via the blob injection model (Reitz, 1987), present an initial droplet size that is equal to the effective ori-
fice diameter, i.e., 185 μm. The initial droplet velocity was calculated based on the discharge coefficient and the rate-of-injection pro-
file obtained from Payri et al. (2016). A spray spreading angle of 21.0° was used to determine the direction of the velocity vectors,
measured by experiments under the same test condition (Gimeno et al., 2016).

The second approach to model the injection process is a one-way coupled method developed by Quan et al. (2016), which enables
the definition of the initial parcel properties in terms of mass, momentum, and temperature based on Eulerian in-nozzle flow simula-
tions. Over a user-defined surface, in this case the orifice exit, a time- and space-resolved map of the two-phase flow characteristics is
generated. Each computational cell of the map represents a parcel injection location if the local value of the liquid volume fraction ex-
ceeds a user-defined threshold, set to 0.1 for this study in accordance with the results of Saha et al. (2017). The diameter of the in-
jected droplets depends on the nozzle diameter and the area coefficient, and the injected mass is determined by the results of the
Eulerian in-nozzle flow simulation. The continuity is ensured by the number of droplets per parcel, which is constrained by a mini-
mum mass value for each parcel that must be matched to allow injection, while the droplet temperature is mapped from the Eulerian
simulations.

The turbulence kinetic energy (TKE) calculated from the Eulerian simulations can be used to add a perturbation to the mapped ve-
locity of the parcels. A reliable simulation of the interaction between the spray and the gas depends on this early disturbance of the
parcel velocities because it can enhance air entrainment and the subsequent initial plume expansion within the outer chamber. The
considerably larger mesh size used in the Lagrangian spray modeling, along with the lack of gaseous feature initialization at the cou-
pling interface, can generate sudden damping of the TKE values. For this reason, a TKE-based perturbation of the parcel velocities is
chosen as the only tuning parameter for the OWC framework, as shown by Nocivelli et al. (2019). An initial TKE value of 8000 m2/s2

was employed in this study to add a perturbation to the initial droplet velocities which corresponded to a spreading angle of 21° and
allowed for consistency between the OWC and ROI simulations.

4. In-nozzle flow simulations

In a previous study by the authors (Guo et al., 2020a), the in-nozzle flow of the ECN Spray C injector was investigated by combin-
ing high-fidelity CFD simulations with state-of-the-art X-ray technology. The simulations predicted promising results against the ex-
periments in terms of characteristics such as in-nozzle flow patterns, cavitation layer thickness, etc. However, as the previous study
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mostly focused on the quasi-steady-state behavior, it is necessary to validate the CFD setup in the initial transient of the injection
event. Besides, to ensure that reliable boundary conditions are mapped for the Lagrangian spray simulations, further analysis is re-
quired to validate the predicted flow characteristics at the orifice exit where the map file is generated.

4.1. Mass flow rate

Although a good match of mass flow rate was achieved during the quasi-steady-state portion of the injection (Guo et al., 2020a),
the predicted initial transient differed significantly from the experimental observations. Hence, a parametric study on the CFD setup
was conducted, in which two factors were examined, i.e., the effect of minimum needle lift, and the role of the volume fraction of am-
bient gas in the sac and orifice region. The results of this study are shown in Fig. 3.

Fig. 3(a) indicates the predictions of the in-nozzle flow simulations with different minimum needle lifts. The experimental base-
line was obtained from Payri et al. (2016). The minimum needle lift represents the location of the needle when the simulations be-
gins, and determining this value is a trade-off problem. If the minimum needle lift is too high, the initial transient of the nozzle flow
cannot be properly reproduced. On the other hand, the minimum needle lift should not be too small in simulations, as it would re-
quire a very large number of very small cells to describe a rather short portion of the injection event. Conversely, if relatively large
mesh sizes were to be used with very small lifts, the numerical viscosity would be artificially increased due to having too few cells in
the gap region between the needle and the seat. The selection of minimum needle lift should be dependent on the mesh size in the gap
region, which is 5.0 μm in this study. Three different minimum needle lifts were discussed, i.e., 3.0, 9.0, and 15.0 μm. It is noted that
the sac and orifice were filled with 100% gas in the simulations, as it will be discussed later. It is shown that with the minimum nee-
dle lift of 15.0 μm, a spike in the mass flow rate was predicted during the initial transient, which was not observed in the experi-
ments. This indicates that the minimum needle lift is likely too high, leading to too much fluid to be flushed through the gap at the
beginning of the simulation. The unphysical spike observed for the 15.0 μm case disappeared when the minimum needle lift was re-
duced to 9.0 μm. When the needle lift was further reduced to 3.0 μm, the predicted mass flow rate was considerably different than
the other two cases during the initial transient, due to the fact that only one layer of cells was applied to the gap and the aspect ratio
of the cells within the needle-to-seat gap was less than 60% at the beginning of the simulation.

Fig. 3(b) shows the predictions of the in-nozzle flow simulations with different volume fractions of ambient gas initialized in the
sac and orifice regions. It is noted that the initial needle lift was 15.0 μm in the simulations. According to recent observations
through optical diagnostics (Guo et al., 2020b), the air in the outer chamber could be ingested into the sac region at the end of the in-
jection, forming stagnant air bubbles inside the nozzle which could affect the initial transient of the next injection. To consider this
effect from a modeling standpoint, the sac and orifice regions were initialized as a homogeneous mixture of liquid fuel and ambient
gas. Three cases with different ambient gas fractions were examined. Case 1 (green curve) represents a fully empty sac and orifice re-
gion with 100% of ambient gas. In case 2 (red curve), the sac and orifice were filled with 100% of liquid fuel at the chamber pres-
sure. In case 3 (blue curve), the sac and orifice were filled with 50% of ambient gas in volume. The results indicated that the initial-
ization of the sac and orifice region has a considerable impact on the initial mass flow rate. The simulation results with 50% of ambi-
ent gas in the sac and orifice region showed the best match against the experiment data, which aligns with the study of Battistoni et
al. (2019).

Based on the learnings from Fig. 3, a simulation best practice was determined with the minimum needle lift of 9 μm and the initial
gas volume fraction of 50% in the sac and orifice region. Fig. 4 shows the predicted mass flow rate with this setup and how it com-
pares to the experimental signal. It is demonstrated that the simulation results matched well with the experimental data in both the
initial transient and the quasi-steady-state stages, which provides confidence that the droplet parcels will be initialized with the cor-
rect momentum in the Lagrangian spray simulations.

4.2. Orifice-exit flow characteristics

The mass flow rate discussed above represents the overall behavior of the in-nozzle flow. To examine the space-resolved flow char-
acteristics at the orifice exit, Fig. 5 illustrates the spatial distribution of fuel mass per unit volume at 0.1 mm downstream of the orifice
exit, obtained from experiments and simulations. The experimental data were obtained from the time-resolved X-ray tomography

Fig. 3. Effect of minimum needle lift (a) and initial gas volume fraction in the sac and orifice region (b) on the predicted mass flow rate at the initial transient stage.
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Fig. 4. Predicted mass flow rate with the simulation best practice developed in this study, compared against experimental data.

Fig. 5. Measured (top row) and predicted (bottom row) fuel mass per unit volume at 0.1 mm from the orifice exit during the initial transient stage.

measurements reported by Sforzo et al. (2019). It is noted that the experiment was performed at the ambient temperature of ∼300 K
and the ambient pressure of 20 bar, which is different from the conditions in the simulations. However, for internal nozzle flow, the
heat exchange between fuel and ambient gas is negligible, and the flow dynamics is mainly driven by the pressure difference, which
only changed by 3% under the two conditions. Hence, it is expected that the different ambient pressure and temperature have limited
effects on the flow development.

Only the initial transient stage is discussed here. The experimental data showed that the flow through the orifice exit was quasi-
circular at the start of the injection (0.052 ms), which was captured by the simulation. At 0.081 ms, a cavity can be vaguely observed
forming within the core of the jet. Although the structure of this cavity was not reproduced, two smaller cavities were predicted in the
simulations, which indicates that the simulations were able to reflect the transient dynamics qualitatively. The fuel mass per unit vol-
ume decreased in the upper half of the orifice at 0.118 ms, indicating the inception of a partial hydraulic flip (Guo et al., 2020a). The
flow pattern became relatively stable after 2.00 ms, with the flow transitioning to a quasi-steady state. In general, the CFD simulations
captured the entire initial transient of the flow development properly.

Fig. 6 illustrates the measured and predicted fuel mass per unit volume at 0.1 mm downstream the orifice exits during the quasi-
steady-state portion of the injection event. The results were obtained by time-averaging the data from 0.2 to 1.0 ms. The left figure
shows the fuel mass per unit volume along the Y axis at Z = 0 mm, and the right figure represents the fuel mass per unit volume
along the Z axis at Y = 0 mm. The results indicated that the simulations performed well in capturing the periphery of the fuel jets.
The nozzle flow exhibits strong asymmetrical distribution along the Y axis due to the cavitation in the Y+ direction. Along the Z axis,
the flow distribution is relatively symmetrical. It is noted that, within the jets, the measured fuel mass per unit volume is lower than
the predicted value. The predicted value of around 700 kg/m3 represents the difference between the densities of the fuel and the am-
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Fig. 6. Measured and predicted fuel mass per unit volume along the Y (left) and Z (right) axes at 0.1 mm from the orifice exit in the quasi-steady stage.

bient gas, which corresponds to the theoretical results of the X-ray measurement. The lower values obtained in the experiments are
possibly related to two factors, i.e., the uncertainties in the measurement and the temporal fluctuations of the nozzle flow. The au-
thors carefully examined the raw data of the X-ray measurements and found the temporal fluctuations negligible under this condition.
Therefore, it is possible that the measurement uncertainties are responsible for the discrepancy between the simulations and experi-
ments.

In summary, the results shown in this section indicate that the nozzle flow simulations employed in this work performed well in
capturing not only the overall flow behavior (e.g., mass flow rate), but also space-resolved characteristics such as the fuel spatial dis-
tribution, both in the initial transient and the quasi-steady-state stages. The results provided necessary confidence in the quality of the
maps extracted from the in-nozzle flow simulations that were fed to the Lagrangian spray simulations, to be discussed in the next sec-
tion.

5. Spray simulations

In this section, the Lagrangian spray simulation results obtained with the conventional ROI and the Eulerian-Lagrangian OWC in-
jection modeling approaches are compared. It is noted that the computational setup and all model constants were kept identical for
the two cases to guarantee that the differences obtained were solely due to the different parcel initialization methods.

5.1. Spray morphology

Fig. 7 compares the liquid and vapor penetrations from experiments and simulations, which were defined as the farthest axial dis-
tance from the orifice exit representing 97% of the liquid-phase fuel, and the farthest point where the local gaseous fuel mass fraction
becomes lower than 0.1%, respectively. The experimental data were obtained from the ECN website (2023), with the standard devia-
tion marked by the gray bars. It is shown the liquid length increased sharply and then became relatively stable at around 20 mm in
the experiments, which was well captured by the OWC model. In contrast, the ROI model worked well in the initial transient stage,
but underpredicted the steady-state liquid length, indicating faster evaporation. In terms of vapor penetration, a typical two-stage de-
velopment can be identified in the experiments, as described by Hiroyasu and Arai (1990), which was accurately reproduced by both
the OWC and ROI models, although the OWC model performed slightly better.

Fig. 8 shows a comparison of the measured and predicted spray plume morphology at different timings. The experimental data
corresponds to the schlieren images reported on the ECN website (2023) which identify the periphery of the spray plumes, either in
the liquid or vapor phase. In the simulations, the fuel vapor mass fraction was used to represent the spray plume morphology. Note
that schlieren imaging is a line-of-sight technique and a projection view is shown, while sliced results across the injector axis were
presented in the simulations. Therefore, the results shown in Fig. 8 only provide a reference for qualitative comparison.

At the early stage of injection (0.2 ms), both the ROI and OWC models predicted lower spray spreading angles and longer vapor
penetrations compared to the experiments. As the injection continued, the spreading angle in the simulations increased in both cases
and became comparable to the experimental results. It is noted that, in the ROI simulations, considerable vapor generation was ob-

Fig. 7. A comparison of measured and predicted liquid length (left) and vapor penetration (right) under the evaporative condition of 900 K and 6.0 MPa.
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Fig. 8. A comparison of measured and predicted spray plume morphology at different timings under the evaporative condition of 900 K and 6 MPa.

served close to the orifice exit (∼1.0 mm) with a conical shape in the near-nozzle region. In contrast, with OWC, vaporization started
farther from the orifice exit (∼3.0 mm), and it only occurred at the periphery of the plumes. This difference is believed to be the cause
of the lower liquid length predicted by the ROI approach, as illustrated in Fig. 7. In general, the predictions from the OWC approach
align better with the expected physics because most evaporation occurs in the mixing region between the liquid fuel spray and the
ambient gas, which corresponds to the periphery of the spray plumes.

5.2. Mixing-related characteristics

In order to explain the different model predictions presented in Fig. 8, the spatial distribution of fuel mass per unit volume at
5.0 mm downstream of the orifice exits from experiments (Sforzo et al., 2019) and simulations are shown in Fig. 9. Both the experi-
mental and simulation results were obtained by time-averaging the data from 0.6 ms to 1.0 ms to represent the quasi-steady state. In
the experiments, significant asymmetry can be found along the Y axis, as the fuel mass per unit volume is much higher in the Y- direc-
tion compared to the Y+ direction. This trend is reproduced by the OWC model, as the predictions of the model matched well with
the experimental results in both Y and Z directions. In contrast, no asymmetry was predicted by the ROI model, as it should be ex-
pected due to the lack of asymmetry in the imposed boundary conditions. Moreover, the predicted fuel mass per unit volume is much
lower compared to the experimental value. The results indicate that the OWC approach performed much better than the ROI ap-
proach in the near-nozzle region. Besides, the significantly higher liquid fuel concentration near the injector axis explains the lower
evaporation in the near-nozzle area, especially within the spray, as predicted by the OWC model.

The discussion above mostly focused on the near-nozzle region within 20 mm from the orifice exit. To examine the models’ perfor-
mance in the far-field, a comparison of the equivalence ratio along the injector axis from a 1-D model and the CFD simulations is
shown in Fig. 10. The equivalence ratio is the ratio of fuel mass to oxygen mass divided by the same ratio at stoichiometric condition.
The baseline data was calculated by the 1-D spray model described by Musculus and Kattke (2009). It is found that the ROI and OWC

Fig. 9. Measured and predicted fuel mass per unit volume along the Y (left) and Z (right) axes at 5.0 mm from the orifice exit.
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Fig. 10. Predicted equivalence ratio by 1-D model and simulations along the injector axis.

methods predicted similar equivalence ratios along the injector axis beginning at 20 mm from the orifice exit, which is generally con-
sistent with the baseline.

Fig. 11 shows a comparison of the measured and predicted mixture fraction along the radial direction at 40 mm from the orifice
exits. The spray asymmetry in the near-nozzle region generally disappeared in the far field, as the distribution of mixture fraction are
comparable in all four directions (Y+, Y-, Z+, and Z-). Besides, the difference between the predictions of the two models is much re-
duced, compared to the near-nozzle region. The results indicate that although the OWC approach showed undoubtedly better perfor-
mance in dealing with the spray characteristics near the nozzle (<20 mm), the effect of the in-nozzle flow became weaker in the far-
field. This is because the turbulence mixing effect became the dominant aspect as the spray penetrated within the chamber and inter-
acted with the ambient gas. On the other hand, the results also suggested that the conventional ROI approach can be used as a reli-
able injection modeling method if the near-nozzle spray characteristics are not of interest, which is consistent with the study of Bao
et al. (2022).

6. Conclusions

In this study, CFD simulations were performed to study the effect of in-nozzle flow cavitation on the development of the ensuing
spray using the ECN Spray C injector. Eulerian simulations of the in-nozzle flow were carried out first to provide accurate flow infor-
mation at the injector orifice exit. The time- and space-resolved flow characteristics were then employed in the Lagrangian spray sim-
ulations via a one-way static coupling approach. The results from the one-way coupling (OWC) approach were compared to that from
the conventional rate-of-injection (ROI) approach. The key take-away points are summarized as follows:

1. With regard to the in-nozzle flow simulations, the minimum needle lift and the initial gas volume fraction in the sac and the
orifice had considerable effects on the prediction of the initial transient process of the injection event during the needle opening
phase. A simulation best practice was developed to capture the transient and quasi-steady-state mass flow rate correctly. The
simulations accurately reproduced the time- and space-resolved flow characteristics at the orifice exit, providing necessary
confidence in the flow field maps extracted at the orifice exit to be used with the Lagrangian spray simulations.

2. Both the OWC and ROI models performed well in capturing the vapor penetration and spray plume morphology. In the near-
nozzle region, considerable evaporation was observed within the plumes with the ROI approach, starting at ∼1.0 mm
downstream of the orifice exit. In contrast, the evidence of evaporation was found farther away from the orifice exit (∼3.0 mm)
with the OWC approach, and it only occurred at the plume peripheries, which aligns better with the expected physics.

3. The different performance between the OWC and ROI models in the near-nozzle region is majorly related to the fuel mass
distribution. Significantly higher liquid fuel concentration near the injector axis was predicted by the OWC approach, which

Fig. 11. Predicted mixture fraction along the Y (left) and Z (right) axes at 40 mm from the orifice exit.
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matched well with experimental data. In contrast, a wider distribution of fuel mass with lower liquid concentration was
predicted by the ROI approach, which led to the stronger evaporation observed in the near-nozzle region.

4. In general, the OWC approach showed better performance when dealing with the spray characteristics near the nozzle
(<20 mm). However, the effect of the in-nozzle flow becomes weaker downstream as the spray penetrates and interacts more
with the ambient gas. As a result, similar results were predicted by the OWC and ROI models in terms of the far-field mixing-
related characteristics (>20 mm). This further suggests that the ROI approach can be used as a reliable injection modeling
method for combustion-related research, even with such strong in-nozzle cavitating flow as the ECN Spray C, if the focus is not
on the near-nozzle characteristics. On the other hand, more work is needed to assess this claim for reacting cases with longer
injection, for which combustion is expected to affect the flowfield characteristics while the injection is still taking place.
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