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Abstract: The application of direct injection (DI) technology can effectively improve the atomization
effect of heavy fuel to reduce the fuel loss of heavy fuel engines (HFE). The fuel spray characteristics
directly affect the combustion performance of the engine. To investigate the atomization process and
evaporation characteristics of heavy fuel in-cylinder for an air-assisted direct injection (AADI) engine,
a simulation calculation model of AADI HFE was established with the use of a computational fluid
dynamics tool. The air-assisted injector model and the one-dimensional performance calculation
model were verified by test data. The influences of injection timing and injection pressure on the
spray characteristics and mixture formation in the engine cylinder were discussed. The results show
that the mixture concentration distribution is uniform after the injection timing is advanced, and the
mass fraction of the fuel evaporation increases. The earlier injection timing can provide the fuel with
sufficient time to evaporate, while the later injection timing will result in increasing the Sauter mean
diameter (SMD) of the fuel droplets, and the unevaporated heavy fuel in the combustion chamber
tends to become concentrated. With the increase in air injection pressure, the distribution of the mixed
gas in the cylinder becomes uniform, and the SMD of the fuel droplets in the cylinder decreases.
When the injection pressure is 0.65 MPa and 0.75 MPa, the difference between the SMD of the fuel
droplets in-cylinder decreases, and a favorable fuel atomization effect can be maintained.

Keywords: HFE; two-stroke; injection control; air-assisted atomization; fuel–air mixture

1. Introduction

Aviation piston engines have the characteristics of low manufacturing and mainte-
nance costs, high power-to-weight ratio, and strong compatibility, which make them widely
used in the field of small aviation power plants [1–3]. Typical aviation piston engines
mainly use gasoline, with favorable evaporation and ignitability, as the fuel. Heavy fuel
(light diesel and aviation kerosene) has a high flash point, and the fuel is safer in the
processes of storage, transportation, and usage [4,5]. Heavy fuel has high viscosity and
favorable stability, and its atomization effect is weaker than that of ordinary gasoline under
the same conditions. When the traditional two-stroke aviation piston engine burns heavy
fuel, the injected fuel droplets will easily condense into fuel film when they meet the cold
wall, and the evaporation process of fuel film is slower than that of gasoline [6,7]. In recent
years, the DI technology of heavy fuel has attracted much attention. The application of DI
technology can effectively improve the atomization effect of heavy fuel, reduce the fuel loss
of the heavy fuel aviation piston engine, and improve engine performance. Direct injec-
tors are divided into different types, including high pressure swirl injectors, slit injectors,
shaped injectors, and air-assisted injectors. Among these, as one of the types of gas-assisted
injectors, low-pressure air-assisted injectors are usually used for power systems such as
small-scale fuel-powered unmanned aerial vehicles, motorcycles, and off-board machines,
showing favorable atomization performance and remarkable fuel saving effects.
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In the application case of a two-stroke or four-stroke DI spark-ignition (SI) HFE, the
fuel spray characteristics directly affect the combustion performance of the engine [8,9].
Chen et al. [10] calibrated a simulation model using test data from a DISI engine to inves-
tigate the behavior of diesel combustion. Their research indicates that diesel combustion
is slower compared to that of gasoline, and the knock tendency is higher. For a diesel–
air mixture with equivalence ratios of 0.6 to 1.4, higher combustion pressure and faster
burning rate occur when the equivalence ratios are 1.2 and 1.0; however, the latter has
a higher knock possibility. Moreover, they also established a combustion model of the
two-stroke engine to study the heavy-fuel combustion at different ignition timings and
equivalence ratios. The results show that aviation kerosene is less prone to knock than diesel
and can achieve better combustion performance under the condition of rich mixture [11].
Zhao et al. [12] studied the air scavenging and mixture formation process of a two-stroke
DISI engine fueled with kerosene. Postponing fuel injection reduces the short-circuit time
of fuel and avoids the free exhaust phase with large exhaust mass flow, which can improve
the fuel capture rate. Late injection will result in incomplete evaporation and the uneven
mixture of fuel and air. In addition, the formation process of the mixture in-cylinder of
a two-stroke ignition HFE was simulated by Huang [13]. The ideal mixing distribution
can be formed in the whole working condition range through the mutual organization
and coordination of fuel injection control and in-cylinder air flow. Wang et al. [14,15]
calculated the gas-phase flow field and spray field as kerosene and gasoline fuel were
injected into the constant-volume chamber at different inlet pressures under the condition
that the needle valve was fully open. The simulation results indicate the influence of the
change in the gas-phase pressure ratio of the Laval nozzle on the penetration distance,
SMD, and particle size distribution of air-assisted atomization. Ji et al. [16] numerically
analyze the process of air-assisted atomization for diesel spray. Their calculation model
considering the diesel injection process in the fuel–air premixing chamber was established
without changing the injector structure. The air-assisted injection process of diesel–air
two-phase flow was investigated in a constant volume chamber. The effects of air injection
pressure, ambient back pressure, and fuel temperature on diesel spray characteristics were
investigated, revealing great theoretical reference significance. In summary, the traditional
SI HFEs produce a homogeneous fuel mixture by means of port injection such that the
fuel control strategy is simplified. With the application of air-assisted atomization in the
DISI HFEs, the whole spray size of the fuel droplets is greatly reduced, which is of great
significance in promoting stable fuel–air mixing and combustion.

In this paper, an improved three-dimensional calculation model will be established
based on low pressure air-assisted atomization injection. For this model, the needle valve
lift will be given according to the experimental measured data. The dynamic mesh method
will be used to simulate the transient spray field of the direct injector in the engine cylinder
when the needle valve moves. The influence of the control parameters, including the
injection pressure and the injection timing, on the spray characteristics of the air-assisted
injector will be evaluated, and the SMD at different crankshaft positions after injection will
be statistically analyzed. The droplet size of the fuel spray in the engine cylinder and the
distribution characteristics of the fuel–air mixture will be investigated.

2. Modeling and Settings
2.1. Meshing of the Three-Dimensional Calculation Model

With the help of the ICEM tool, the three-dimensional calculation meshing model
for the DI HFE is given. The size of the air-assisted direct injector, the scavenging port,
the combustion chamber, and the exhaust port are defined, respectively. The meshing
model file required for the three-dimensional numerical simulation calculation is generated
after completing each division and process for these ports. The meshing model is then
imported into the workbench of FLUENT to perform the calculation routine. Figure 1
shows the three-dimensional structural model of the engine and its meshing model for
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all computational domains. It is worth noting that the meshes at the junctions of the
air-assisted injector, outlets of the scavenging port, and inlet of the exhaust port are refined.
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Figure 1. Three-dimensional engine model and meshing model of computational domains.

2.2. Dynamic Mesh

In order to truly simulate the operational state of the engine, it is necessary to set the
dynamic mesh reflecting the piston operation and the opening and closing process of the
needle valve in the calculation model. For the whole simulation process for fuel spray
in the engine cylinder and combustion chamber, the piston motion must cover a single
complete working cycle; that is, the crankshaft rotation period must be at least 360 ◦CA
(◦CA refers to crankshaft angle). Figure 2 shows the dynamic meshes of the piston and
cylinder wall in the engine fluid domains under three crankshaft positions (TDC refers
to top dead center, BTDC refers to before TDC, and ATDC refers to after TDC). Figure 3
shows the needle valve dynamic mesh of the air-assisted direct injector.
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2.3. Injector Model

The premixed process for fuel and compressed air realized by an air-assisted direct
injector is a typical two-phase flow problem. The fluid phase is treated as a continuous
phase by the Lagrange method, and the fuel droplets are treated as discrete phases and
are distributed in the continuous phase. The realizable k-ε turbulence model, which is
improved on the basis of the standard k-ε model, was selected for the spray calculation
model [17]. This model adds a constraint formula for turbulent viscosity and a transmission
equation for the dissipation rate, which can better realize rotary flow, flow separation, and
complex secondary flow. Turbulent kinetic energy k and turbulent dissipation rate ε in the
model transport equation are as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xi

]
+ Gk + Gb − ρε−YM + Sk (1)

∂
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(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[(
µ +
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σε

)
∂ε

∂xi

]
+ ρC1Sε − ρC2

ε2

k +
√

νε
+ C1ε

ε

k
C3ε Gb + Sε (2)

In Equation (1), σk equals 1.0; µt is the turbulent viscosity; ρ is the gas density; Gk
represents the turbulent kinetic energy due to the average velocity gradient; Gb is the
turbulent kinetic energy due to buoyancy; YM represents the contribution of fluctuation
expansion in compressible turbulence to the total dissipation rate; Sk is a custom source
item. In Equation (2), σε equals 1.2; C2 equals 1.9; C1ε equals 1.44; other relevant parameters
can be calculated by referring to the references [17].

The TAB (Taylor analogy breakup) model is selected as the droplet breakup model.
Based on the theory of elastic mechanics, the breakup process of oscillating droplets is
compared with the vibration of the spring damping system. The mass block is subjected to
external force similar to the droplet and is also subjected to aerodynamic force. The spring
elastic force is similar to the surface tension of the droplet, and the damping is similar to
the viscosity of the liquid [18]. The calculation formula is as follows:

..
y =

CF
Cb

ρg

ρl

u2

r2 −
Ckσ

ρ1r3 y− Cdµ1

ρ1r2
.
y (3)

In Equation (3), y is the dimensionless deformation of droplet maximum diameter; ρg
is the gas density; ρl is the liquid density; u is the relative velocity of the gas and the droplet;
r is the droplet radius; CF, Ck, Cd, and Cb are the dimensionless constants determined by
mathematical analysis and the experiments.

The initial droplet will oscillate normally in the spray process. If the deformation is
affected by aerodynamic force and exceeds a certain value; that is, y > 1, the initial droplet
will break up and produce smaller secondary droplets. The normal velocity of the secondary
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droplet is equal to the normal oscillation velocity of the initial droplet when the droplet
breaks, so the cone angle of the spray can be calculated automatically by the model. The
SMD (r32) of sub-droplets can be calculated by the following energy conservation equation:

r
r32

= 1 +
8 · K
20

+
ρ1r3

σ

.
y2
(

6 · K− 5
120

)
(4)

K is used to adjust the size ratio of the initial droplet to the secondary droplet. The
larger the value, the smaller the size of the broken droplet.

In addition, after droplet evaporation, the flow field medium contains multiple com-
ponents, and the following component transport equation needs to be solved:

∂

∂t
(ρYi) +∇ · (ρvYi) = −∇Ji + Ri + Si (5)

where Yi represents the mass fraction of each component, Si is the original, Ji is the
diffusion flux caused by the concentration gradient, and Ri is the net production rate of the
chemical reaction [19].

The R–R (Rosin–Rammler) model is selected for droplet size distribution.

R(D) = 100 exp
[
−(D/De)

n](%) (6)

where R(D) represents the cumulative mass percentage of sieve corresponding to droplet
size D; when D = De, the cumulative mass percentage of sieve R(De) = 100 / e % = 0.368,
and the corresponding droplet size is the characteristic particle size De of the particle group,
which can roughly reflect the thickness of the fuel droplet. n is the uniformity coefficient,
which is used to characterize the range of droplet distribution [20].

The definition of SMD is as follows:

SMD =
∑ Nid3

i

∑ Nid2
i

(7)

where N represents the number of droplets, d represents the diameter of the droplets, and
the physical meaning of SMD is the corresponding diameter after converting the cube into
an equal volume sphere.

The direct injector assembly includes three parts: fuel injector, premixing chamber,
and air-assisted injector. The gaseous medium is air. To simulate the entire process that
conforms with the actual scenario, fuel is first ejected through the outlet of fuel injector
to the premixing chamber and then delivered by air-assisted injector into the constant
volume chamber or engine cylinder. In order to verify the simulation model for AADI, the
calculation results are analyzed according to the injection process of the air-assisted injector.
The fuel spray characteristics obtained by a high-speed photography experimental system
and the simulation calculation are compared. Table 1 shows the high-speed spray images
and the spray simulation images at different times during the opening process of the needle
valve under the conditions of 6.5 bar air injection pressure and 0 bar ambient pressure
(gauge pressure). The fuel used is light diesel, and the fuel properties can be obtained in the
reference [21]. Figure 4 shows the comparison results of the spray characteristic parameters
between the experimental measurement and the simulation calculation. It can be seen
from the figure that the penetration distance measured by the experiment is slightly larger
than that of the simulation calculation value. This is mainly due to the fact that the fuel
injection rate used in the simulation is the average rate, which has a certain influence on the
spray change. Overall, the ratio of fuel SMD to penetration distance is basically consistent,
and the calculation results from the simulation model are close to those of the actual
situation. Therefore, the results can lay the foundation for the calculation and analysis of
the fuel spray characteristics and mixture formation process in the engine cylinder under
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different air injection pressures, injection timings, and other injection parameters in the
subsequent sections.

Table 1. Comparison of fuel spray tests and calculation results.

Injection Time 1 ms 2 ms 3 ms 4 ms

Test
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2.4. Initial Conditions and Boundary Conditions

The specific technical parameters of the AADI SI HFE are listed in the reference [22].
According to the structure of the test engine, one-dimensional modeling can be divided
into intake and exhaust systems, fuel injection systems, cylinders, and crank linkages [23].
A one-dimensional simulation model of the engine, established by selecting the correspond-
ing module in GT-Power, is shown in Figure 5. In order to ensure the accuracy of the
one-dimensional performance calculation simulation model, it is necessary to check the
simulation results of the established model with the bench test data. In this study, the
engine power for the one-dimensional model is calibrated. The throttle opening, rotational
speed, excess air coefficient, and ignition timing angle used in the bench test are input
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into the corresponding module, and a set of combustion parameters consistent with the
power under the test conditions are obtained by repeatedly calculating and adjusting the
combustion parameters for the in-cylinder module [24]. Figure 6a shows the power com-
parison results of the calculated values from this model and the test values at conditions of
an engine speed of 4000 r/min and different throttle opening positions. At the same time,
taking the full load operation point as an example, Figure 6b shows the cylinder pressure
verification results of the test and simulation under full load. The resulting errors between
the simulation and the test are within 5%, which verifies the accuracy and rationality of the
one-dimensional calculation model.

Processes 2022, 10, x FOR PEER REVIEW 7 of 15 
 

 

under the test conditions are obtained by repeatedly calculating and adjusting the com-
bustion parameters for the in-cylinder module [24]. Figure 6a shows the power compari-
son results of the calculated values from this model and the test values at conditions of an 
engine speed of 4000 r/min and different throttle opening positions. At the same time, 
taking the full load operation point as an example, Figure 6b shows the cylinder pressure 
verification results of the test and simulation under full load. The resulting errors between 
the simulation and the test are within 5%, which verifies the accuracy and rationality of 
the one-dimensional calculation model. 

 
Figure 5. One-dimensional performance calculation model for the test engine. 

 

Figure 5. One-dimensional performance calculation model for the test engine.

Processes 2022, 10, x FOR PEER REVIEW 7 of 15 
 

 

under the test conditions are obtained by repeatedly calculating and adjusting the com-
bustion parameters for the in-cylinder module [24]. Figure 6a shows the power compari-
son results of the calculated values from this model and the test values at conditions of an 
engine speed of 4000 r/min and different throttle opening positions. At the same time, 
taking the full load operation point as an example, Figure 6b shows the cylinder pressure 
verification results of the test and simulation under full load. The resulting errors between 
the simulation and the test are within 5%, which verifies the accuracy and rationality of 
the one-dimensional calculation model. 

 
Figure 5. One-dimensional performance calculation model for the test engine. 

 
Figure 6. Cont.



Processes 2022, 10, 2276 8 of 15
Processes 2022, 10, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 6. Validation of the calculation model with the test data: (a) engine output; (b) combustion 
pressure. 

In the three-dimensional numerical simulation, the initial conditions are based on the 
bench test data, while the boundary conditions must be set in the calculation case for this 
calculation model. All the required boundary pressure parameters for the three-dimen-
sional numerical simulation can be obtained according to the calibrated one-dimensional 
performance simulation model, as described in the reference [25]; Figure 5 and Figure 6 
provide the basis for boundary pressure calculation. As shown in Figure 7, the crankcase 
pressure and exhaust pressure are calculated through the calibrated one-dimensional sim-
ulation model under the condition of an engine speed of 4000 r/min and a partial load. 
Therefore, according to this group of data, the crankcase pressure can be set as the inlet 
pressure of the scavenging port in the three-dimensional model, and the transient exhaust 
pressure can be set as the outlet pressure. 

 

Figure 6. Validation of the calculation model with the test data: (a) engine output; (b) combustion
pressure.

In the three-dimensional numerical simulation, the initial conditions are based on the
bench test data, while the boundary conditions must be set in the calculation case for this cal-
culation model. All the required boundary pressure parameters for the three-dimensional
numerical simulation can be obtained according to the calibrated one-dimensional perfor-
mance simulation model, as described in the reference [25]; Figures 5 and 6 provide the
basis for boundary pressure calculation. As shown in Figure 7, the crankcase pressure
and exhaust pressure are calculated through the calibrated one-dimensional simulation
model under the condition of an engine speed of 4000 r/min and a partial load. Therefore,
according to this group of data, the crankcase pressure can be set as the inlet pressure of
the scavenging port in the three-dimensional model, and the transient exhaust pressure
can be set as the outlet pressure.
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3. Heavy Fuel Atomization and Mixture Formation Analysis

Under the condition of partial loads, the throttle opening is limited, and the air intake
locates at a low level. The corresponding engine heat load during the operation is relatively
small. The evaporation characteristics of heavy fuel in-cylinder are sensitive to the control
of injection parameters, and the distribution of a combustible mixture will also be affected
accordingly. In this section, the simulation calculation for the formation of fuel spray and
the mixture in-cylinder is carried out for the condition of a partial load at an engine speed
of 4000 r/min. The fuel material is light diesel. Adjusting the injection timing and injection
pressure to obtain the fuel–air mixture concentration in-cylinder at different crankshaft
positions, the distribution law of a fuel–air mixture is analyzed.

3.1. Effects of Injection Timing on Fuel Atomization and Mixture Formation

To analyze the influence of injection timing on the fuel atomization characteristics
and mixture distribution characteristics in the engine cylinder, Figure 8 shows the fuel–air
mixture concentration distribution at the crankshaft positions from 330 ◦CA ATDC to TDC
with the engine speed of 4000 r/min. The injection timings (start of injection) are 126 ◦CA
BTDC, 176 ◦CA BTDC and 226 ◦CA BTDC, respectively. For these calculation cases, the
injection pressure is 6.5 bar and the fuel temperature is 293 K. The injection timing of
126 ◦CA BTDC presents the late fuel injection strategy. It can be observed from the figure
that as the engine crankshaft position is 340 ◦CA ATDC, the air–fuel ratios around the spark
plugs installed at the intake side and exhaust side are about 23.7. Therefore, the fuel–air
mixture concentration is relatively thin, which indicates the injection timing is too late. The
comprehensible reason is that as the fuel spray is injected with late timing, the ambient
pressure in the engine combustion chamber is relatively high, and most of the fuel droplets
gather at the top of the combustion chamber. In addition, the insufficient evaporation
time for the fuel droplets makes the formation of the fuel-air mixture inhomogeneous in
the combustion chamber, and the distribution area is small. As the injection timings are
advanced from 176 ◦CA BTDC to 226 ◦CA BTDC, the mass fraction of evaporated fuel in
the engine cylinder increases gradually. Meanwhile, the distribution area of the fuel–air
mixture diffuses spatially, and the total amount of combustible mixture increases. The
air–fuel ratios around the spark plugs near the intake side and exhaust side gradually
become thicker. However, with the advance of the injection timings, a small portion of the
fuel–air mixture will inevitably be swept into the exhaust port.



Processes 2022, 10, 2276 10 of 15
Processes 2022, 10, x FOR PEER REVIEW 10 of 15 
 

 

 
226 °CA BTDC 176 °CA BTDC 126 °CA BTDC 

   
Crankshaft position: 320 °CA ATDC 

   
Crankshaft position: 330 °CA ATDC 

Crankshaft position: 340 °CA ATDC 

   
Crankshaft position: 350 °CA ATDC 

   
Crankshaft position: TDC 

Figure 8. Distribution of mixture concentration in-cylinder at different injection timings. 

Figure 9 shows the relationship between the overall SMD of the fuel atomization 
droplets and the injection timing at different crankshaft positions. From the figure, It can 
be observed that, with the crankshaft position near the TDC, the overall SMD of the fuel 
atomization droplets gradually decreases. The main reason is that the air in the combus-
tion chamber and the engine cylinder above the piston is compressed gradually, and the 
temperature in the cylinder increases. The scavenging airflow in the engine cylinder 
drives the fuel droplets into continuous motion, which is helpful for the evaporation of 
the fuel droplets, making the overall SMD smaller. As the injection timing is 226 °CA 
BTDC and the crankshaft position locates at 340 °CA ATDC, the overall SMD of the fuel 

Figure 8. Distribution of mixture concentration in-cylinder at different injection timings.

Figure 9 shows the relationship between the overall SMD of the fuel atomization
droplets and the injection timing at different crankshaft positions. From the figure, It
can be observed that, with the crankshaft position near the TDC, the overall SMD of
the fuel atomization droplets gradually decreases. The main reason is that the air in the
combustion chamber and the engine cylinder above the piston is compressed gradually, and
the temperature in the cylinder increases. The scavenging airflow in the engine cylinder
drives the fuel droplets into continuous motion, which is helpful for the evaporation of the
fuel droplets, making the overall SMD smaller. As the injection timing is 226 ◦CA BTDC
and the crankshaft position locates at 340 ◦CA ATDC, the overall SMD of the fuel droplets
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in-cylinder is 11.69 µm. This indicates that the AADI can maintain a favorable atomization
effect on the fuel spray. With the delaying of the injection timing, the overall SMD of the
fuel droplets increases significantly due to the shorter evaporation time and increased
ambient pressure. As the injection timing is 126 ◦CA BTDC at the crankshaft position of
340 ◦CA ATDC, the overall SMD of the fuel droplets in the cylinder is 47.23 µm, showing a
less combustible mixture. This is not conducive to forming a favorable ignition conditions
in the engine combustion chamber.
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3.2. Effects of Injection Pressure on Fuel Atomization and Mixture Formation

To investigate the effects of injection pressure on the fuel atomization characteristics
and mixture concentration distribution in-cylinder, the simulation results with different
injection pressures are calculated and analyzed under the conditions that the injection
timing is 226 ◦CA BTDC, and the fuel temperature is 293 K. Figure 10 shows the fuel–air
mixture concentration distribution at the injection pressures of 5.5 bar, 6.5 bar, and 7.5 bar at
the engine speed of 4000 r/min. With the increase in injection pressure, the fuel–air mixture
is more uniform. As the injection pressure is 5.5 bar, the differential pressure between
the outlet of the direct injector and the engine cylinder is small. This is not conducive to
the expansion of the spray. Therefore, most fuel droplets are gathered at the top of the
combustion chamber, and the distribution area of fuel–air mixture is also quite limited. As
the crankshaft position is 340 ◦CA ATDC, the overall amount of fuel evaporated around
spark plug near the exhaust side is less, and the air–fuel ratio is about 19.8. The ignitable
condition for the fuel-air mixture is poor. Meanwhile, with the increase in the injection
pressure, the distribution area of the fuel–air mixture in-cylinder gradually increases. As
the injection pressure is 6.5 bar and the crankshaft position locates at 340 ◦CA ATDC, the
air–fuel ratios around the spark plugs near the intake side and exhaust side are about 13.2,
making the fuel–air mixture more easily ignited. In addition, for different engine crankshaft
positions, the distribution of the fuel–air mixture formed at the injection pressure of 7.5 bar
is more uniform than that formed at the injection pressure of 6.5 bar. As the crankshaft
positions are 330 ◦CA ATDC, 340 ◦CA ATDC, and 350 ◦CA ATDC, respectively, the air–fuel
ratio around the spark plugs near the intake side and the exhaust side is about 10.3, which
is quite helpful to flame propagation and the expansion of the combustion area in the
engine combustion chamber.
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Figure 11 shows the relationship between the overall SMD of the fuel spray droplets
and the injection pressure at different crankshaft positions. It can be seen from this figure
that with the increase in injection pressure, the overall SMD of the fuel droplets decreases.
At the crankshaft position of 340 ◦CA ATDC, the overall SMD of the fuel droplets in the
engine cylinder is 14.26 µm as the injection pressure is 5.5 bar. Increasing the injection
pressures will easily reduce the overall SMD of the fuel droplets, which indicates the
universality of the air-assisted injector for fuel. At the crankshaft position of 340 ◦CA
ATDC, as the injection pressure is 6.5 bar, the overall SMD of the fuel droplets is 11.69 µm,
which is 18.1% lower than that at 5.5 bar. Moreover, when the injection pressures are
6.5 bar and 7.5 bar, respectively, the difference of the overall SMD is gradually reduced
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as the crankshaft position approaches TDC. However, excessive injection pressure means
that more compressed air is consumed, and the power-to-mass ratio of the engine will be
reduced. Therefore, under the conditions of reasonable fuel–air mixture formation and the
acceptable SMD of fuel droplets, the injection pressure would be as appropriate as possible.
As the injection pressure is kept at a level higher than 6.5 bar, the favorable fuel atomization
effect in the cylinder can be guaranteed, and the consumption of compressed air in a single
cycle can be reduced.
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4. Conclusions

In this study, the numerical simulation method is used to investigate the fuel spray
atomization and the in-cylinder fuel–air mixture formation of a two-stroke AADI HFE
under partial load conditions at an engine speed of 4000 r/min. The effects of injection
timing and injection pressure on the atomization of heavy fuel and the concentration
distribution of the fuel–air mixture are analyzed. The main conclusions are as follows:

1. The concentration distribution of a combustible mixture in-cylinder is more uniform
and the fuel evaporation mass fraction increases after the injection timing is advanced;
early injection timings can make the heavy fuel evaporate with sufficient time; the
later the injection timing, the larger the overall SMD of the fuel droplets; in addition,
premature injection timings will exacerbate the fuel losses.

2. With the increase in injection pressure, the concentration distribution of the com-
bustible mixture in-cylinder is more uniform, which is conducive to the decrease in
the overall SMD of the fuel droplets and the propagation of the flame in the cylinder;
as the air injection pressures change from 6.5 bar to 7.5 bar, the variations in fuel
particle size are small, and the fuel atomization effect remains at a favorable level.

3. This research provides an improved simulation model for heavy fuel spray atom-
ization and mixture formation. The results can provide theoretical support for the
optimization of the fuel injection parameters of two-stroke DISI HFEs. Due to the
limitation of time and conditions, this research did carried out detailed bench test
research under different injection pressures and injection timings, which should be
tested and verified in subsequent research work. This study hopes to contribute to
the development of fuel injection control technology for small unmanned vehicles,
drones, and all-terrain vehicles.
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