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Abstract: In diesel engines, fuel mixing is an important process in determining the combustion
efficiency and emissions level. One of the measures used to achieve fuel mixing is controlling the
nature and behavior of the fuel spray by shaping the injection rate. The mechanism underlying
the behavior of the spray with varying injection rates before the start of combustion is not fully
understood. Therefore, in this research, the fuel injection rate shape is investigated to assess the
spraying and mixing behavior. Diesel sprays with different ambient temperatures and injection
pressures are modeled using the CONVERGE-CFD software. The validation is performed based
on experimental data from an Engine Combustion Network (ECN). The verified models are then
used to analyze the characteristics of the diesel spray before and after the end-of-injection (EOI)
with four fuel injection rate shapes, including a rectangular injection rate shape (RECT), a quick
increase gradual decrease injection rate shape (QIGD), a gradual increase gradual decrease injection
rate shape (GIGD), and a gradual increase quick decrease injection rate shape (GIQD). The spray
vapor penetrations, liquid lengths, evaporation ratios, Sauter mean diameter (SMDs), distributions
of turbulence kinetic energy, temperatures, and equivalence ratios were compared under different
injection rate shapes. The results show that the QIGD injection rate shape can enhance mixing during
injection, while the GIQD injection rate shape can achieve better mixing after the EOI.

Keywords: diesel spray; spray mixing; varying injection rate; numerical simulation

1. Introduction

Diesel engines find widespread applications in many industries, including transportation,
agriculture, and power generation, among others. Soot and NOx emissions, which are products of
fuel combustion in these engines, pose a threat to the environment and the health of living organisms.
Over the years, strict global regulations have been set to reduce the negative impact of such emissions.
These stringent legislations require manufacturers to design cleaner and more efficient engines [1,2].
Many technologies, such as diesel particulate filters (DPFs) [1] and selective catalytic reduction
(SCR) [3], have been developed to reduce emissions from diesel engines. In addition, controlling
the combustion process (e.g., by using low-temperature combustion (LTC) [2], homogeneous charge
compression ignition (HCCI) [4], reactivity-controlled compression ignition (RCCI) [5], and premixed
charge compression ignition (PCCI)) have also attracted significant research interest [2]. Research on
the fuel mixing process for preparing diesel combustion components in cylinders through effective
injection rate adjustment is an important consideration. In this study, we only consider injection rate
adjustment in the fuel injection system without changing the air intake and other contexts of the
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system; thus, this study does not modify the existing injection system too greatly. This is due to the
significant influence of the air–fuel mixing process on combustion efficiency and exhaust emissions in
diesel engines.

The latest developments in fuel injection strategy efficiency tend to focus on the injection rate to
increase fuel mixing efficiency and reduce emissions. Notably, the combustion time will be shorter
for cases with high initial injection rates. Generally, a high initial injection rate will result in better
atomization and air entrainment. The duration of combustion decreases as the mixture of air and
fuel improves, meaning that combustion occurs faster. Conversely, under a low initial injection rate,
the initial atomization of the fuel and premixing are not good. The slow initial injection fuel droplets
will combine with faster fuel droplets, which will result in a larger droplet size that yields a poor spray
breakup. The combustion period will then be longer as more time is required to inject the fuel to
atomize and evaporate it for combustion. In the past, researchers were interested in investigating the
injection rates to improve fuel injection strategies. Juneja et al. [6] noted that increasing the injection
rate after a previous injection is sufficient to increase the collision frequency and formation of large
droplets, resulting in high momentum and greater penetration. Liu et al. [7] found that a higher peak
injection rate yielded a higher spray tip penetration, peak entrainment rate, and entrainment rate after
the end of injection (EOI). In addition, Arsie et al. [8] suggested that the start of injection is the main
parameter that affects the impingement phenomenon, whereas Kun Lin Tay et al. [9] found that the
start of combustion for each rate shape is different, although the injection duration and start of injection
are same due to the start of pressure rise in each case. The peak in-cylinder pressures are higher when
the start of combustion is advanced due to the injection rate shaping. The combustion duration will be
shorter with a higher initial injection velocity. Apart from that, the results from numerical study on the
effects of boot injection rate shapes by co-workers of Balaji Mohan and Kun Lin Tay [10–12], showed that
NOx decreased but large soot particles occur due to low injection velocity and narrow soot distribution
when the main injection velocity is higher [11]. Dezhi Zhou et al. [12] found that higher boot injection
velocity and shorter boot injection duration resulted in shorter ignition delay and more fuel burning at
the premixed combustion stage. This suggests that a higher injection pressure will often lead to a better
spraying process, that this is one of the most effective ways to meet the efficiency requirements, and that
this process has a potential benefit in diesel engine performance [13–15]. Agarwal et al. [16] found that
increasing the injection pressure reduces the number and mass of particles and increases the diesel
spray velocity, which improves the atomization and evaporation process. In addition, Shuai et al. [17]
applied a numerical simulation to examine the effects of injection time and injection rate shape on
the performance and exhaust emissions of compression ignition engines. The authors found that CO,
UHC, and soot emissions can be reduced by using rectangular-type and boot-type rate shapes instead
of other types. Based on these previous studies, the injection rate is clearly an important parameter that
requires more attention. Injection rate parameters, such as injection velocity, injection mass quantity,
and injection duration, have a significant influence on the fuel mixing and combustion process [18].
Many of these investigations considered how the diesel spray mixing process behavior can increase
mixing efficiency by studying the effect of the injection rate shape. Attempts to increase fuel mixing
efficiency by determining the injection rate shape remain unsatisfactory. Although there have been
extensive studies in the past on the influence of injection rates, most of these studies were interested in
investigating the influence of injection rates on combustion efficiency and engine emissions [9–12,17].
Few studies have investigated the influence of injection rates on spray mixing behavior.

Based on our previous study [19], we examined the spray mixing characteristics under different
injection rate shapes using a modified one-dimensional spray model. This one-dimensional spray
model can analyze the spray penetration, entrainment rate, and velocity over a cross-sectional area,
as well as the equivalence ratio distributed along with the spray’s axial distance. This model does not
consider breakup and evaporation. Instead, it reveals general information on both the liquid and the
vapor. The fuel and air are assumed to be immediately mixed uniformly, so turbulent mixing cannot
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be analyzed in detail. A 3D-CFD model is better for researching a spray that includes two-phase
flow characteristics.

Creating a spray model using CFD has become an effective way to study diesel spray to analyze
the mechanism of fuel–air mixing and atomization. The results of many previous studies on creating
a spray model using CFD show that the various parameters of fuel injection can be efficiently monitored
and predicted [20–22]. Nevertheless, there are few studies on the injection rate shape’s effects on spray
mixing. Unlike a quasi-steady-state spray, it is difficult to obtain clear spray images that include liquid
and vapor information under varying injection rates, so there is a lack of experimental data to validate
the 3D-CFD spray model with varying injection rates. Consequently, most numerical studies focus on
the effects of injection rates on combustion processes and do not offer an in-depth understanding of the
spray behaviors under different injection rates.

The objective of the current study is to analyze the effect of different injection rate shapes on the
diesel mixing process using a numerical modeling method. In this work, the “CONVERGE” CFD
code was adopted for a constant-volume combustion chamber with a single hole injector, particularly
to study the spray breakup and spray mixing behavior. Validation of the model results involved
a comparison of the spray shape and spray penetration with the experimental data from previous
researchers of the Sandia National Laboratory, taken from the ECN website [23]. We found that the
modified CFD spray model can predict spray behavior. Four injection rate shapes were used to analyze
the effects of injection rate shapes on diesel spray mixing behavior to understand the mixing process
in-depth, including the microscopic spray characteristics, evaporation process, and mixture properties.
The results of this study are expected to provide useful insights for developing an effective fuel injection
rate design for future diesel engines.

2. Numerical Modeling

In this study, numerical simulations were implemented using CONVERGE Version 2.2 [24],
which was used to create constant volume models and set the turbulence model, spray model,
and sub-model, as shown in Table 1. This model was created to predict the diesel spray performance
by simulating the spray shape and the spray penetration distance in both a liquid and a vapor state,
as well as the mixing behavior. The shape of the model is defined as a constant volume combustion
chamber with a diameter of 105 mm and a length of 105 mm to reduce the grid number and increase
computational efficiency, with input from the case study boundary conditions under the experimental
conditions [23]. The injector was placed at the top center of the cylinder, as shown in Figure 1. The spray
was designed using the Spray A condition (detailed information is shown in the ECN [23]). The C12H26

reaction mechanism was used as a diesel fuel agent like the experimental considerations since the
current model estimation of the trends and evolution of vapor penetration are independent of the
fuel type [25].

Table 1. Modeling and Numerical Parameters.

Modeling Tool CONVERGE

Spray models
Drop evaporation model Frossling model

Collision model No Time Counter model (NTC) collision
Collision outcome O’Rourke collision outcomes
Drop drag model Dynamic drop drags

Breakup KH-RT model
Turbulence model RANS, RNG k-ε

Grid control
Base grid size 16 mm

Finest grid size 0.25 mm
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The grid size has a large influence on the penetration distance [26]. When the grid size is too small,
a long simulation time will be required. In this study set up, a fixed grid embedded with a minimum
grid size for the spray flow field is shown in Equation (1) [24], where the “Size of cells in scaled grid”
represents the sizes of the cells in the scaled grid in each axial “Size of cells in base grid” indicates
the sizes of the cells in the base grid setting of each axial, and “amr_embed_vel_scale” is the level of
embedding. In this study, CONVERGE can easily change the overall grid resolution prior to executing
a simulation to assess grid sensitivity, which is useful for reducing the working time for constant
stimulation. For simulations in areas or periods that are not of great importance, a rough grid can be
used and then adjusted to consider only the important periods by setting the level of embedding for
each section to obtain results that are accurate and not unnecessarily time intensive for calculations:

Size o f cells in scaled grid = Size o f cells in base grid ∗ 2−amr_embed_vel_scale. (1)

The computational fluid dynamics simulation of the in-cylinder process has many modifications
in the spray modeling. The interaction of spray turbulence modeling has an important influence
on the spray penetration and mixture formation prediction, which emerges at the end of the entire
combustion process. A recent literature review on fuel spray modeling showed that the use of RANS
guidelines is of fundamental importance to ensure sufficient performance of the spray mixing and
combustion processes. In this study, we used the RANS method to describe the spray development
process. The RANS model was used in conjunction with the RNG k-ε turbulence model to determine
the effects of smaller movements. A drop evaporation model base on the Frossling model was also
used. The liquid penetration length is defined as the maximum distance from the axial position with
99% injected fuel mass at the injection location, while the vapor penetration length is defined as the
distance from the farthest location with a 0.01% fuel mass fraction to the nozzle exit. For a fast and
accurate collision calculation response, the NTC model with an O’Rourke outcome was used in this
study. To increase the efficiency of our droplet collision calculations, we used a dynamically simulated
gas technique for spraying. For this technique to work effectively, it must be able to handle a common
case, where the number of droplets in each particle varies. The configuration can work effectively with
general cases under different conditions.

For the spray breakup model in this study, the Kelvin–Helmholtz instability (KH) and
Rayleigh–Taylor instability (RT) models were used. The KH model size constant is defined as
proposed by Reitz [27]. The wave breakup formulation was used to model the liquid breakup process.
The wavelength (ΛKH) and the breakup size constant (B0) determined the child droplet sizes. The drop
radius equation is calculated as follows:
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rKH = B0ΛKH. (2)

By requiring that B0 equal 0.61 for the droplet breakup regime that has the characteristics of
25 < We < 50, under a higher injection velocity, the B0 will be in accordance with the applications
offered by Hwang et al. [28]. The KH model velocity constant was determined to be 0.188, which is the
basic value commonly used by researchers. During the breakup, the parent droplet parcel radius (r) is
continuously reduced until it reaches a stable droplet radius (rKH) according to the following equation:

dr
dt

=
r− rKH

τKH
, rKH ≤ r (3)

where τKH is the breakup time, given by:

τKH =
3.276B1r
ΛKHΩKH

(4)

where ΩKH is the KH wave with the maximum growth rate. The KH model breakup time constant
(B1) determines the primary breakup time. In this study, B1 equals 21, which is more accurate than
the recommended value (recommended value equals 7) in other references. The RT breakup length
equation is given by:

Lb = Cbl

√
ρl

ρg
d0 (5)

where Cbl is the RT model breakup length constant, ρl is the fuel density, ρg is the ambient gas density,
and d0 is the orifice diameter. The RT model breakup length constant (Cbl) generally equals 1.0.

It is necessary to switch the liquid breakup parameter from the KH model to the RT model.
Using this approach, the breakup time can be determined by the RT model breakup time constant
(Cτ). The value of Cτ should be less to reduce the breakup delay, as shown in the RT breakup time
equation below:

τRT = Cτ
1

ΩRT
(6)

where ΩRT is the RT wave with the maximum growth rate. The RT model size constant (CRT) used to
determine the scaled wavelengths and the radius of the RT breakup with a higher value increases the
predicted RT breakup radius size:

r = π
CRT

KRT
(7)

where KRT is the wavenumber. In this study, CRT equals 0.1, in which the parent radius decreases
continuously until it reaches the constant value in Equation (3), as in the KH model. The setting of the
spray breakup model provides an additional configuration for the breakup model constants. Notably,
different breakup model constants are used depending on the test conditions and the numerical
calculation tools.

The spray dispersion angle is another important input variable. The spray distribution angle
defines the fluctuation of air in the injected fuel due to the impulse exchange between gases and
liquids. The spray distribution angle will change under different injection intervals (start of injection,
the transient regime, the stable regime, and the EOI) due to changes in the nozzle sac flow, momentum,
and the interactions between air and the fuel. The actual spray distribution angle detected by each
method is different and cannot be compared. The differences in the spray distribution angles measured
in the far-field show a higher angle variance than when measuring the angles using the near field
method. Generally, the spray distribution angle can be represented in two ways: the spray angle and the
spray cone angle. This study analyzed the shapes of different injection rates that have different injection
pressures, making the spray distribution angle a very important variable because it is influenced by
pressure. Here, the spray distribution angle is measured by taking an image of the cut-plane from the
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direction of the spray by specifying two lines to determine the area of the spray and then measuring
the distribution angle. The spray angle is measured from the nozzle outlet to the spray penetration
distance/2 and the spray cone angle is measured from the nozzle outlet to the spray penetration
distance equal to the 100×hole diameter. The spray cone angles were used in this study as the input in
the spray model to analyze the spray behavior. In this study, the spray cone angles changes depend
on the operating conditions of the difference in rail pressure. The spray cone angle will increase
noticeably when the injection pressure is higher because the pressure of the fuel mixture inside the
nozzle increases and the distribution is higher. The relationship between spray cone angle and injection
pressure is discussed in the fourth section.

3. Model Validation

In this section, the numerical models above were studied using a real experiment. Two different
sets of operating conditions were used for predicting the spray behavior, including the spray shape,
the spray penetration, and the equivalence ratio. The first set involves the model calibration using an
evaporation process under experimental conditions at different ambient temperatures. The second
set involves the model being calibrated at different rail pressures using the experimental conditions
of the Sandia National Laboratory in the ECN [23]. The ambient density, steady flow discharge
coefficient, and nozzle hole diameter are the same in all conditions (22.8 kg/m3, 0.89 mm, and 0.084 mm,
respectively) and with the other conditions different, as shown in Table 2.

Table 2. The Operating Conditions of the Test Cases.

Case No. Ambient
Composition

Ambient
Temperature

[K]

Ambient
Pressure

[MPa]

Fuel
Temperature

[K]

Injection
Duration

[ms]

Injection
Mass
[mg]

Rail
Pressure

[MPa]

1 N2 = 100.0 440 2.93 363 1.54 3.46 150

2

O2 = 0.00;
N2 = 89.71;
CO2 = 6.52;
H2O = 3.77

900 6.05 373 1.54 3.46 150

3

O2 = 0.00;
N2 = 89.71;
CO2 = 6.52;
H2O = 3.77

900 6.07 373 5.2 9.30 100

4

O2 = 0.00;
N2 = 89.71;
CO2 = 6.52;
H2O = 3.77

900 6.07 373 5.65 6.90 50

The injection rate of the test conditions conducted by the Sandia National Laboratory in the ECN
was determined by CMT, in which the injection mass flow rate of the Spray A condition was created
using the “Virtual Injection Rate Generator” model on the ECN website. The virtual injection rate
generator model considers the expected hydraulic fluctuations, including the injector opening times,
the pressure, the nozzle diameter, and the discharge coefficient.

3.1. Ambient Temperature Effects

In this section, the low and high ambient temperature conditions are used for model calibration.
To demonstrate the predictive efficiency of the model, the spray behavior under different ambient
temperatures, as well as at different ambient pressures (case No. 1 and 2 in Table 2) is used as a case study.

A comparison of the fuel spray injection in the cylinder at different ambient temperatures and
ambient pressures shows the influence of evaporation and spray fuel diffusion. Figures 2 and 3 present
a comparison of the spray shape and equivalence ratio between the experimental and simulation
results for cases No. 1 and 2. The gray background images show the experimental data obtained from
high-speed videos using the Schlieren video technique to represent the vapor and liquid for case No. 1.
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For case No. 2, the experimental data image obtained from the high-speed video using the Schlieren
video technique shows vapor and liquid regions, which are stored as MATLAB binary files. The white
background images show the simulation result, in which the gradient color region represents the
equivalence ratio data. The value of the equivalence ratio is represented by the gradient color bar
in the right corner. The black particles are liquid fuel data from the simulation, which the cut-plane
from the direction of the spray then rotates 90◦ to the left. Figures 2 and 3 illustrate the shape of the
variance by using Re-Normalization Group Theory to determine the small movement effects, while the
KH-ACT model calculation captures the impact of cavitation and turbulence on the primary cracks in
addition to aerodynamic separation. The calculation results show a smoother distribution for the spray
shape boundary simulation than for the experimental data due to the turbulence model’s limitations
in conjunction with the RNG k-ε turbulence model, where the RNG k-ε turbulence model is used
for determining the smaller movements effects. Nonetheless, the simulation results are satisfactory,
as these results indicate the effective grid resolution for this simulation. Each comparison image shows
the exact thickness of the fuel mass distributed throughout and is consistent with the experimental data.
The method of image analysis obtained from this model is sufficient for the study of spray behavior.

The comparison results (Figure 4 and Figure 6) show the spray penetration and spray distribution
angle. Black and red represent the results under ambient temperatures of 440 and 900 K, respectively,
while dots and solid lines represent the experimental and simulation results, respectively.

The results of vapor penetration are shown in the top graphs of Figures 4 and 5, while the middle
and bottom graphs show the liquid penetration and injection rates, respectively.

Figure 4 shows the simulation results that are compatible with the experimental results both
during injection and after the EOI. The initial injection is important to consider, as it provides the
momentum to change the conditions in the combustion chamber caused by the onset of fuel injection,
thereby increasing the injection rate, temperature, and pressure. As shown in Figure 5, the initial spray
penetration (0.0–0.3 ms) reveals that both cases cannot properly capture the initial ramp for both vapor
and liquid penetration. Due to the very short time error of the simulation results (less than 0.1 ms),
the injection rate input data from the virtual injection rate generator may not be as accurate as those of
the actual injection rate.
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Figure 5. Comparison of the initial spray penetration (0.0–0.3 ms) of the experimental result [23] and
the simulation result under different ambient temperatures. (a) Maximum vapor penetration, (b) liquid
spray penetration and (c) injection mass flow rate.

Figure 6 shows a comparison of the spray angle (left graph) and the spray cone angle (right graph)
with varying ambient temperatures. The measurement results from experimental data show that the
ambient temperature influences the spray angle but not on the spray cone angle. The trend of the
measurement results of the spray cone angle is the same for both cases, which means that the spray
cone angle is independent of the ambient temperature and ambient pressure. In addition, the simulated
spray cone angle results show the same trend as the measured experimental results. These results
show that the constructed model effectively predicted spray behavior under varying conditions of
ambient temperature and ambient pressure.

3.2. Rail Pressure Effects

To ensure that the effects of rail pressure changes are captured by the model when predicting the
spray’s behavior between the start of the injection (lamping up) and the end of the injection (lamping
down), the experimental conditions from previous ECN work under operating conditions No. 2, 3,
and 4 (as described in Table 2) are studied in this section.

Figures 7 and 8 show a comparison of the spray shape and equivalence ratio between the
simulation results and the experimental data of the rail pressure under 100 MPa and 50 MPa conditions,
respectively. The gray background images show the experimental data obtained from high-speed
videos using the Schlieren video technique. The white background images show the simulation results.
The gradient color region represents the equivalence ratio data, with values shown on the gradient
color bar in the right corner.
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Figure 7. Comparison of the spray shapes and the equivalence ratio histories of the experimental
result [23] and the simulation result under a rail pressure of 100 MPa.

The black particles are the liquid fuel data from the simulation, which the cut-plane from the
direction of the spray then rotates 90◦ to the left (which is similar to the display in case No. 2,
as mentioned in the previous section (Figure 3)). From these comparisons, the results of the simulation
show a better prediction under high rail pressure conditions (150 MPa and 100 MPa) than under a low
rail pressure condition (50 MPa).

The results of the spray penetration and spray distribution angle (Figures 9 and 10) shown in the
red, blue, and yellow colors indicate the results for rail pressures of 150, 100, and 50 MPa, respectively.
The dots and solid lines represent the experimental and simulation results, respectively. The results
of vapor penetration are shown in the top graphs of Figures 9 and 10, while the middle and bottom
graphs show the liquid penetration and injection rates, respectively.
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Figure 9. Comparison of the spray penetration of the experiment results [23] and the simulation
results for different rail pressures. (a) Maximum vapor penetration, (b) liquid spray penetration and
(c) injection mass flow rate.
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Figure 10. Comparison of the initial spray penetration (0.0–0.3 ms) for the experiment results [23] and
the simulation results under different rail pressures. (a) Maximum vapor penetration, (b) liquid spray
penetration and (c) injection mass flow rate.

Figure 9 shows that the model predictions for the penetration length under high rail pressure
conditions are longer than those under low rail pressure conditions, which is consistent with the
experimental data. Figure 10 shows the initial spray penetration (0.0–0.3 ms); even under the rail
pressure conditions in all three cases, these data cannot properly capture the initial ramp for both vapor
and liquid penetration. The simulation results show a trend that is consistent with the experimental
data. The spray model and other sub-parameters make this model more effective in its predictions,
which is consistent with experimental data.

The rail pressure directly affected the air fluctuation in the injected fuel due to the impulse
exchange between the gas and the liquid. The spraying behavior under high rail pressure caused the
cavitation flow to efficiently accelerate at the nozzle exit. The high rail pressure cavity also increased
the spray distribution angle [22]. Figure 11 shows a comparison of the spray angles (left graph) and
the spray cone angles (right graph) for different rail pressures, in which the spray distribution angle is
measured by the same technique described in the previous section. It was found that the size of the
spray angle is not constant, but the spray cone angle from the measured simulation results shows a
similar trend to the experiment. This confirms that the spray cone angle size setup in this model is
correct and can thus predict the experimental data with acceptable accuracy.
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The above results show that different rail pressure conditions affect the spray’s infiltration behavior.
The generated model shows good predictive performance when there is a change in the working
conditions. These results demonstrate that this model can predict the spray’s permeability and injection
characteristics at an acceptable level. This model will be used for spray behavior predictions to analyze
the behavior and mixing processes of diesel spray with different injection rate shapes in the next section.

4. Effect of the Injection Rate Shape

The injection rate shape is an important factor that affects the spray formation. After leaving the
injector, the fuel spray atomizes into droplets, vaporizes, and mixes with the air. In this work, models
with different injection rate shapes are analyzed for their spray and fuel mixing behavior using the
basic conditions from the previous work on ECN case No. 2, as shown in Table 2. The four injection rate
shapes shown in Figure 12 were selected for this study. The rectangular injection rate (RECT) shape is
the constant injection rate and is a commonly used injection rate shape. The other three shapes consist
of the Quick Increase Gradual Decrease injection rate (QIGD), the Gradual Increase Gradual Decrease
injection rate (GIGD), and the Gradual Increase Quick Decrease injection rate (GIQD). These shapes
were designed to examine the effects of an increase and a decrease of the injection rate over a short
injection duration to study the influence of spray and combustion behavioral control factors based on
previously reviewed research. The above factors include the peak injection rate, the initial injection rate,
and the injection velocity of each injection period, which are useful for understanding the spray and
fuel mixing behavior. The four injection rate shapes must have the same injection duration and fuel
quantity to be used as a benchmark. The three shapes (QIDG, GIGD, and GIQD) had peak injection
rates higher than the experimental conditions in case No. 2, which means that the rail pressure would
be higher than 150 MPa. As shown in the simulation model, these injection rate shapes can create
a peak rail pressure of approximately 600 MPa. A maximum rail pressure of 600 MPa is too high for
current engine technology. In this study, the maximum rail pressure generated by the injection rate
was determined from the study conditions according to the constant value of the injection duration
with the same amount of fuel as used in the experimental data to ensure that the model calibrated
from the experiment data would be accurate. The injection pressure can be increased by changing the
injection rate of the fuel pump and adjusting the injector area. If the injection pressure is too high,
the ignition delay period will be shorter. This may cause a homogeneous decrease in mixing and
reduce the combustion efficiency. In practice, changing the injection rate and injector area is necessary
to help reduce these effects.
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Figure 12. The varying shape of the fuel injection rate with a constant injection duration and fuel
quantity. The rectangular injection rate (RECT), the Quick Increase Gradual Decrease injection rate
(QIGD), the Gradual Increase Gradual Decrease injection rate (GIGD), and the Gradual Increase Quick
Decrease injection rate (GIQD).

As a result that the newly created injection rate shape for this study is determined by a constant
injection duration and fuel mass (including under ambient conditions, which are similar to those of
the experimental data), under some conditions, this novel injection rate provides a peak injection rate
that is higher than the injection rate of the experimental data used to calibrate the model. This means
that higher injection rates will also result in higher rail pressure. Although this study explored the
maximum rail pressure conditions up to 600 MPa, the results calibrated with the experimental data for
rail pressure of 50, 100, and 150 MPa showed that the model can provide reliable simulation results,
even under conditions where the pressure is different. In particular, the simulation results show that
the study conditions at a maximum rail pressure of 150 MPa can provide better simulation results
than under conditions of a lower maximum rail pressure. This means that the newly created model is
effective for high rail pressure conditions. In addition, in this paper, all case studies (including the
cases of maximum rail pressure conditions of 600 MPa) use ambient conditions. The injection timing
and the fuel mass are the same as those of the experimental conditions at a rail pressure of 150 MPa
because the simulation results for the calibration under rail pressure conditions of 150 MPa give
good results for both quantity and volume. The prediction results for the spray shape are compatible
with the photos from the experimental data; this shape reflects the accuracy of the distribution angle,
penetration, and evaporation of the spray. The injection rate and injection pressure have a great
influence on these physical characteristics. Therefore, the model created can predict the spray behavior
very well, especially under high rail pressure conditions. Based on the study of the effects of different
rail pressures, the spray shape data from the experiment demonstrate that the size of the spray cone
angle is different under the same ambient conditions, as shown in Figure 13. Figure 13 shows the spray
cone angle size obtained from the spray picture of the experiment data. The result indicates that the
spray cone angle used as the input data in this study depends on the size of the maximum rail pressure.
The model calibration demonstrated that using the spray cone angles obtained from the experimental
spray images as inputs can provide good predictive results (consistent with the experimental data).
Therefore, this study used the prediction equation (Equation (8)) to predict the size of the spray cone
angle at different rail pressures:

Sray cone angle = 0.05Prail + 13.333. (8)
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4.1. Microscopic Spray Characteristics

In spraying simulations, the turbulent distribution has a significant impact on the spray parameters.
The spray penetration distance depends on the surrounding conditions, including the injection rate,
the injection time, the injected mass quantity, and others. The injection rate design affects the
spray penetration and spray distribution angle. This section presents the spray penetration distance
consisting of liquid and vapor penetration both during the injection time (0–1.54 ms) and after the
EOI, by comparing the results of different injection rate shapes and using these shapes to analyze their
effects on the microscopic spray characteristics.

Figure 14 shows the simulation results of the spray penetrations. The black, red, blue, and yellow
lines represent the simulation results for the RECT, QIGD, GIGD, and GIQD injection rates, respectively.
The results of vapor penetration are shown in the top graph, while the middle and bottom graphs
show the liquid penetration and injection mass flow rates, respectively. Figure 14 (top graph) shows
the vapor penetration for the four injection rates with different shapes. The QIGD injection rates show
the longest vapor penetration (approximately 25 mm), with an injection rate of around 4.5 mg/ms.
Vapor penetration lengths with the same peak injection rates will ultimately lead to the same vapor
penetrations. This occurs because, during injection, vapor penetration increases with the injection
acceleration rate. After the EOI, the vapor penetration distance increases along with the injection rate
at the EOI, when the spray penetration distance is affected by the momentum flux ratio. For the GIQD
injection rate shape after the EOI, the vapor penetration continues to increase continuously, and a high
injection rate results in rapid fuel movement, while the vapor penetration of the QIGD injection rate
shape decreases continuously because of the injection rate at the EOI. Figure 14 (middle graph) shows
the liquid spray penetration, for which the different injection rates also have a significant impact on
liquid penetration. The QIGD injection rate provides the longest initial liquid penetration due to
having the highest injection rate, while the GIQD injection rate shows the opposite. Liquid spray
penetration increases relative to the injection rate shape and terminates at the end of injection. The liquid
spray penetration results show the same trend as the injection rate for all cases. Since the greatest
penetration distance is primarily affected by the momentum flux ratio, the liquid penetration distance



Appl. Sci. 2020, 10, 4983 16 of 30

will increase when the injection rate increases and decrease when the injection rate decreases. This is
due to slowdown in the movement of the liquid fuel.
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Figure 14. Comparison of the simulated spray penetration with different injection rate shapes.
(a) Maximum vapor penetration, (b) liquid spray penetration and (c) injection mass flow rate.

In addition, because the spray penetration is a phenomenon that occurs in conjunction with the
spray distribution, the spray distribution angle is an important parameter that affects the spray mixing
process and is important for the analysis of spray performance. Therefore, the spray distribution angle
was investigated by measuring the distribution angle via the spray shape obtained from the simulation.
Figure 15 shows the spray distribution angles from the simulation results, where the black, red, blue,
and yellow dots represent the measurement results of the RECT, QIGD, GIGD, and GIQD injection
rates, respectively. As shown in the Figure 14, comparisons were made between the spray angle
(left graph) and spray cone angle (right graph) under different injection rate shapes. Similar techniques
to those in the previous section were used to measure the spray distribution angles.
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Figure 15. Comparison of the spray distribution angle for different injection rate shapes. (a) Spray
angle and (b) spray cone angle.

The same spray cone angle measurement results are shown in Figure 15 (right graph) for the same
peak injection rate (same peak rail pressure) with different injection rate shapes; the results agree with
those in the previous section. The shape with a peak rail pressure of 600 MPa and a spray cone angle
of 43◦ will have spray cone angle larger than approximately twice that of the peak rail pressure of
150 MPa (21◦).

Figure 15 (left graph) shows a difference in the spray angle event under the same peak rail
pressure. The spray angle increases when the acceleration of the injection rate increases. It can be
observed that the QIGD injection rate is significantly small but features a continuous decrease in
the spray angle compared to the other injection rates. On the other hand, the GIQD injection rate
recorded the largest spray angle at the beginning, followed by a slight decrease, and then remained
constant (compared to the other injection rates). This phenomenon demonstrates that the increased
injection acceleration rate has a significant effect on the fuel distribution ability, which directly affects
the spray angle size. The spray angle is higher when the injection rate is higher because the injection
rate can increase the rail pressure, thereby resulting in a higher particle force that can cause a higher
penetration force leading to better distribution. The spray angle is an important parameter that helps
us understand the global characteristics of the spray. The spray angle and quantity evaluation provide
useful information about the airflow in the spray [29–31], where the spray angle is an indicator of
gas. In general, the greater the spray angle, the higher the increase in gas entrainment, resulting in
improved mixing [32]. Another interesting observation is the effect of the injection rate shapes on spray
penetration. The simulation results reveal longer vapor penetration at a higher peak injection rate due
to the efficient spray distribution, while the lower peak injection rate yielded poor vapor penetration
because the low injection rate resulted in poor spray distribution and spray penetration performance.
A spray tip that penetrates too long will result in wet combustion chamber walls, causing excessive
soot formation and a waste of fuel. On the other hand, if the penetration time is too short, the mixing
efficiency and optimum combustion will be compromised. In addition, the simulation results show
that the QIGD injection rate with a high initial fuel injection rate quickly causes the initial penetration.
This suggests that the injected fuel is very well atomized and has a significant effect on the onset speed
of the combustion phenomenon. In the case of the GIQD injection rate, a very low initial injection
rate may result in poor fuel atomization and cause an increase in the ignition delay. The evaporation
process and mixing behavior will be discussed further in the next section.
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4.2. Evaporation Process

We next studied the evaporation process influenced by the fuel injection rate by considering the
distribution of droplet sizes. This section presents the simulation results of the evaporation ratio under
different injection rate shape conditions, as shown in Figure 16. The simulation results show that
different injection rate shapes result in different evaporation ratios. The results of the evaporation ratios
are shown in the top graph, and the injection mass flow rates are shown in the bottom graph, where the
black, red, blue, and yellow lines represent the simulation results of the RECT, QIGD, GIGD, and GIQD
injection rates, respectively. Figure 16 shows that the RECT and the QIGD injection rate shapes undergo
more rapid evaporation than the other injection rate shapes. As demonstrated by the RECT and the
QIGD injection rate shapes, the evaporation ratio increases to nearly one before approximately 0.01 ms.
For the GIGD and GIQD injection rates, the evaporation ratio increases to nearly one at approximately
0.1 ms. These results are due to both injection rate shapes having a quickly increasing initial injection
rate, thereby resulting in high rail pressure, which can improve the evaporation rate because higher
rail pressure results in a high shear of the fuel particles, which can change the fuel state from liquid to
gas very quickly with higher mass flow rates, as well as accelerate the fuel evaporation process.
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To better understand the spray breakup characteristics, the SMD is an important parameter that
should be considered to reflect the spray performance. The size of the SMD is related to droplet
breakup, in which a smaller SMD result in better droplet breakup. Due to the lack of experimental
data to calibrate the simulated SMD results, only the relationship between the SMD and injection rate
have been considered. Figure 17 shows the relationships of the SMD values for different injection rate
shapes, where the black, red, blue, and yellow lines represent the simulation results of the RECT, QIGD,
GIGD, and GIQD injection rates, respectively. The results show that the SMD decreases rapidly when
the injection rate increases sharply, at the same time, the SMD gradually decreases as the injection rate
gradually increases. This occurs because the droplet tends to breakup under conditions with higher
injection rates. A high initial injection rate can clearly reduce the SMD. As can be considered from the
high initial injection rate conditions (RECT, QIGD), the SMD decreases to nearly zero at approximately
0.02 ms; with gradual increases in the injection rate conditions (GIGD, GIQD), the SMD decreases to
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nearly zero at approximately 0.1 ms. These values are worth noting for the RECT and QIGD injection
rates. Although the initial injection rates are not the same, the injection rate is sufficiently higher
to result in a rapid decrease in the SMD. These behaviors support the spray breakup phenomenon.
The evaporation rate is higher for the droplet under a higher initial injection rate, as shown in Figure 16.
From Figure 17, it can be concluded that the initial injection rate is the main factor affecting the size of
the droplets, as an increase in the injection rate results in a decrease in the SMD. Therefore, under higher
initial injection rates, the droplets will become smaller and lead to faster evaporation.
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The fuel evaporation phenomena can be understood by considering the temperature distribution
phenomena. Figures 18 and 19 show the simulation results comparing the temperature distribution
with different injection rate shapes during injection and after the EOI. The spray images were obtained
from the cut-plane in the direction of the spray. The gradient color region represents the temperature
data and shows the temperature value as a gradient color bar in the bottom right corner.

Figures 18 and 19 show that the spray penetration area is cooler than the surrounding combustion
chamber, as the fuel absorbs heat for vaporization. The RECT and QIGD injection rates show better
vapor penetration at the beginning when considering the temperature distribution contours and
comparing them with the other injection rate shapes. This phenomenon occurs due to the higher initial
injection rate compared to the GIGD and GIQD injection rates. In addition, the area near the nozzle exit
showed different vapor penetration values for each case. The very high injection rate that resulted in
initial vapor penetration also occurred further away from the nozzle exit. In Figures 18 and 19, under
the GIQD injection rate, the vapor penetration at the nozzle exit is farther away from the nozzle exit
and clearly farther from the injector exit than other shapes after the EOI. This is because the gradual
increase in the injection rate results in fuel breakup capability.

These phenomena occur because faster injection rates can accelerate the evaporation of fuel, with
the airflow in the cylinder having a great impact on the evaporation and atomization of the fuel.
Therefore, under the conditions of higher injection rates, the droplets will be smaller and evaporate
faster, resulting in better acceleration in the formation of the air–fuel mixture. It can be predicted that
a high initial injection rate would result in a decrease in the ignition delay period due to better fuel
atomization at the beginning of the injection, which may more quickly lead to the start of combustion.
The influence of injection rate shapes on the characteristics of the mixture properties will be studied in
the next section.
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4.3. Mixture Properties

For a deeper understanding of the diesel spray mixing process, the mixture properties are studied
in this section by comparing their equivalence ratios and turbulence kinetic energy (TKE) values at
different injection rates.

The mixture properties are analyzed by considering the region of the equivalence ratio predicted
from the 3D model, which plays an important role in the analysis of the diesel spray mixing process.
Therefore, the equivalence ratio is calculated from the basic data of the mass fraction. In this study,
the conditions of the case study are the conditions under which the ambient component does not
contain oxygen (rO2 = 0). We applied the following equation of chemical combustion:

Fuel + O2 → CO2 + H2O. (9)
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Here, we assume that by replacing the oxygen ratio with the total gas ratio (including the oxygen
ratio), the general air contains 21% oxygen and 79% other gases. Therefore, the mass fraction is given
as Fuel/(Fuel + O2 + other gases), where the equivalence ratio is equal to 1. From the simulation results,
the different injection rate shapes show different spray behaviors and equivalence ratio histories,
although the injection duration and injection mass quantity are the same. Figures 20 and 21 provide
a comparison of the spray behavior and equivalence ratio histories of the simulation results during
injection (Figure 20) and after the EOI (Figure 21). The spray images were obtained from the cut-plane
in the direction of spray. The gradient color region represents the equivalence ratio data and shows the
equivalence ratio values as a gradient color bar in the bottom right corner, while the black particles are
the liquid fuel data from the simulation.Appl. Sci. 2019, 9, x FOR PEER REVIEW 22 of 30 
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Figure 20 shows the spray behavior and equivalence ratio histories for the four injection rates.
It can be observed that although the injection mass and time for all simulated cases are the same,
the spray behavior and equivalence ratio histories for each injection rate shape are very different.
There is a high fuel distribution near the nozzle exit of the injection rate shapes with a high peak
rail pressure (QIGD, GIGD, and GIQD), which is different from the case with the lower peak rail
pressure (RECT). In general, fuel distribution is influenced by changes in the fuel injection rates.
These phenomena are clearly reflected in Figure 21. Figure 21 clearly shows that the GIQD injection
rate with the highest injection rate at the EOI provides the leanest equivalence ratio near the nozzle exit.
This is due to the influence of the injection rate, which affects the fuel breakup and the surrounding
air crossflow. The momentum arising from increasing the injection rates yields a complementary
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momentum. The initial injection rate is related to the droplet breakup. For example, for high initial
injection rate conditions (RECT and QIGD), the black particles represent the liquid fuel intensely near
the nozzle exit and descend quickly when the injection time has passed. This is an example of quick
SMD reductions, as shown in Figure 17.

For a better understanding of the spray behavior in diesel spray mixing, TKE is an important
influencing factor that can explain the phenomenon of the equivalence ratio. TKE can reflect the
intensity of the turbulent movement in the cylinder. Figure 22 shows a comparison of TKE with
different injection rates. The TKE is displayed as the average value of the TKE in the control volume
model, where the black, red, blue, and yellow lines represent the simulation results of the RECT, QIGD,
GIGD, and GIQD injection rates, respectively. The top graph shows the TKE and the bottom graph
shows the injection mass flow rate.
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Figure 22. Comparison of the turbulence kinetic energy (TKE) for different injection rate shapes.
(a) TKE and (b) injection mass flow rate.

The injection rate has a significant relationship with the TKE. At low mass flow rates, the field flow
will be smooth without a recirculation zone. On the other hand, when the mass flow rate increases,
the vortex will increase. This intense recirculation will increase heat transfer compared to the smooth
channels. Figure 22 shows the strongest TKE during the initial injection under the QIGD injection rate,
while the RECT injection rate shows the strongest TKE during the injection. Subsequently, after the
EOI, the GIQD injection rate shows the strongest TKE. These phenomena can be explained by the
influence of TKE production, which is related to the effect of the spray structure. The simulation results
of TKE distribution with different injection rates, both during injection and after the EOI, are shown
in Figures 23 and 24, respectively. The turbulence phenomenon is considered in the boundary of the
spray region, where the model provides sufficient mesh density. The spray images were obtained from
the cut-plane of the direction of the spray. The gradient color region represents the TKE distribution,
which presents the TKE data as a gradient color bar in the bottom right corner.
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Figures 23 and 24 show the contour of the TKE with different injection rate shapes. The state of
turbulence distribution affects the proportions of the length and width of the spray shape. For example,
Figures 23 and 24 show the strong TKE of the QIGD injection rate case that moved to the area along
the length of the spray, which resulted in long spray penetration and a lean equivalence ratio in the
spray tip area, as can be seen in Figures 20 and 21. This is because a high injection rate directly affects
the crossflow, resulting in significant disintegration and displacement. Figures 23 and 24 show that the
TKE production of the RECT injection rate is strong in the axial area of the spray, which indicates that
the TKE distribution occurs along the width of the spray. Although the TKE of the RECT injection rate
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is the strongest during the injection period (see Figure 22), the TKE produced cannot offer penetration
longer than the QIGD injection rate (Figures 23 and 24). The QIGD injection rate initially shows the
strongest TKE; then, the TKE distribution moves along the length of the spray faster than the other
injection rates and has the highest TKE at the spray tip area. This is due to this spray’s high speed and
acceleration, causing more increased turbulence levels in the downstream areas than in other injection
rate shapes. This gives the QIGD injection rate the highest efficiency of spray turbulence, providing
the leanest equivalence ratio at the spray tip area.

The phenomenon of TKE distribution can be well illustrated by the temperature distribution in
Figures 18 and 19, which show that the QIGD injection rate has a higher temperature in the spray
tip area than other shapes. When considering the temperature distribution behavior after the EOI in
Figure 19, the RECT injection rate shape retains the lowest temperature at the spray tip area compared
to the other injection rate shapes. The highest temperature at the spray tip area of the QIGD injection
rate and the lowest temperature at the spray tip area of the RECT injection rate can predict the spray
turbulence behavior. A high temperature means that the area may produce high turbulence results
with a lean equivalence ratio but show opposite spray behavior at low temperatures. These results are
due to the high temperature influencing the droplet size and evaporation. These phenomena occur
when the increased fuel injection rate causing the TKE grows, thereby leading to faster fuel spread and
resulting in faster fuel and air mixing. The TKE can reflect the intensity of the turbulent motion in the
cylinder, with a large TKE indicating that the agitation is more intense in the cylinder. Examination
of the turbulence demonstrates that a high TKE flow provides a clear driving force for mixing and
evolution. In addition, strong turbulent mixing leads to the highest chance of saturation, which results
in better mixing opportunities. Therefore, the higher the initial injection rate, the greater the variability
of the cutting force field in the spray area. This phenomenon is related to the fact that the shape of
the injection rate has a significant impact on the potential of spray behavior and TKE production.
The mixing efficiency is very potent when the TKE distribution has high potential due to a sufficiently
large increase in rail pressure.

The results of this simulation study show that high initial injections will produce high turbulence
energy. The GIQD injection rate is highly efficient in atomization and creating good fuel–air mixing,
thus resulting in good combustion. The duration of the combustion at each injection rate can be
arranged, from long to short, as follows: GIQD, GIGD, RECT, and QIGD. Since the QIGD injection rate
has the highest initial injection rate, combustion may start earlier, while the GIQD injection rate has the
lowest initial injection rate, which will result in less atomization and poorer combustion.

In addition, when analyzing the mixing behavior of sprays (which can affect emissions),
CO emissions increase when the initial injection rate is low, which will shorten the flame lift-off

length [6]. This means that the fuel-injection does not have enough time for good air entrainment
before the start of combustion, resulting in higher CO emissions levels. A high initial injection will
result in high NO because a high initial injection will lead to an earlier start of combustion and a higher
peak heat-release. We expect that the QIGD injection rate will have the highest amount of heat released
because the temperature contours and the QIGD injection rate case will provide the fastest mixing.
This mixing will result in the shortest ignition delay duration with the highest observed heat-release.
The strategy for creating high initial injection rates often results in NOx emissions and a higher engine
noise level. In our numerical simulation on the influence of injection rates on spray behavior affecting
the mixing and combustion processes, we chose the QIGD injection rate as the optimal rate for the
injection strategy, which requires the injection time and combustion to be short, because this injection
rate’s mixing efficiency is greater than that of the other injection rate shapes. The RECT injection rate
was used for reducing NOx and engine noise due to lower pressure in the combustion chamber. Future
studies will be developed on the efficiency of injection strategies that can simultaneously reduce NOx

emissions, engine noise levels, and soot emissions.
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5. Conclusions

In this study, diesel spray was tested with a 3D-CFD numerical simulation. First, the 3D-CFD
numbers were checked for their accuracy from the experimental data. Then, we studied the effects
of various injection rate shapes on the properties of the spray and analyzed them using the 3D-CFD
simulation results. The preliminary conclusions can be summarized as follows:

(1) The 3D-CFD model can predict the spray behavior’s agreement with the experimental data
both during the injection and after the end of the injection, covering different temperatures and
injection pressure situations.

(2) The injection rate shapes affect the penetration of both liquid and vapor, which in turn influence
spray evaporation and spray mixing. The spray behavior can change even when the injection
duration and injection mass are the same for all simulation cases.

(3) Injection rates with high peak injection rates (QIGD, GIGD, and GIQD) can provide higher
vapor penetration capabilities compared to injection rates with a low peak injection rate (RECT).
Furthermore, injection rates with the same peak injection rates will ultimately yield the same
vapor penetration.

(4) Injection rates with a high initial fuel injection, such as the RECT and QIGD injection rates,
will make the evaporation more rapid. When the injection rate is rapid enough, resulting in a high
temperature, the high TKE and SMD decrease rapidly. For the QIGD injection rate, the TKE
grows and moves to an area according to the length of the spray, which results in a longer spray
penetration and a leaner equivalence ratio in the spray tip area than the other injection rates.
For the RECT injection rate, the TKE grows and moves to an area according to the width of
the spray due to the constant injection rate. This means that the initial injection rate shape has
a significant impact on the evaporation efficiency and TKE production.

(5) Injection rate shapes with good evaporation efficiency, such as the QIGD injection rates, will likely
result in a shorter ignition delay, including a more rapid onset of combustion and a shorter
duration of combustion. The QIGD injection rate has high rail pressure and the strongest turbulent
mixing at initial injection, resulting in faster mixing. For a low initial injection rate, the GIQD
injection rate shows the opposite, and CO emissions increase because the fuel injection does not
have enough time to develop good air entrainment before the start of combustion. Strategies
for creating high pressure in the cylinder often result in NOx emissions and high engine noise
levels. This means that the initial injection rate and rail pressure have a significant impact on
combustion time, emissions, and engine noise levels.

Finally, the analysis of the numerical simulation of the effects of different fuel injection rate shapes
on the diesel spray mixing process shows that the variation in the structure of the air and fuel mixture
in diesel engines depends on the shape of the fuel injection rate. The injection rate influences the diesel
spray mixing process both during injection and after the EOI.
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Abbreviations

ECN Engine Combustion Network rO2 Oxygen Ratio [%]
CMT CMT-Motores Térmicos tinj Injection Time [ms]
CFD Computational Fluid Dynamics minj Injection Mass [mg]
3D Three-Dimensional Prail Rail Pressure [MPa]
EOI End of Injection ∧ Wavelength
ASI After Start of Injection B0 KH Model Breakup Size Constant
SMD Sauter Mean Diameter We Weber Number
TKE Turbulence Kinetic Energy Cd Steady Flow Discharge Coefficient
RECT Rectangular Injection Rate Shape Ta Ambient Temperature [K]
QIGD Quick Increase Gradual Decrease Injection Rate Shape Pa Ambient Pressure [MPa]
GIGD Gradual Increase Gradual Decrease Injection Rate Shape ρa Ambient Density [kg/m2]
GIQD Gradual Increase Quick Decrease Injection Rate Shape Tf Fuel Temperature [K]
RANS Reynolds Averaged Navier–Stokes r Droplet Radius
RNG Re-Normalization Group Theory τ Breakup Time
NTC No Time Counter Model B1 KH Model Breakup Time Constant
KH Kelvin-Helmholtz Instability Model Lb Breakup Length
RT Rayleigh-Taylor Instability model Cbl Breakup Length Constant
NOx Nitrogen Oxides ρl Fuel Density
CO Carbon Monoxide ρg Ambient Gas Density
UHC Unburnt Hydrocarbons d0 Orifice Diameter
C12H26 n-Dodecane Cτ RT Model Breakup Time Constant
N2 Nitrogen Ω Maximum Growth Rate of Varicose Waves
CO2 Carbon Dioxide CRT RT Model Size Constant
H2O Water KRT RT Model Weave Number
O2 Oxygen
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