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The fuel system of a diesel engine is a crucial component that significantly impacts the economic and technical
performance, as well as the quality of exhaust emissions released into the environment. Improving fuel injection
pressure, combined with changes in fuel injection rules, the number of fuel injections per cycle, and the
geometric dimensions of the injectors, helps improve efficiency, reduce harmful emissions, and lower fuel
consumption. This study evaluated the effect of the shape of the fuel injection characteristic at injection
pressures up to 350 MPa, with the intake air pressure maintained at 0.25 MPa, using a 3D model in AVL Fire.
The results showed that at ultra-high fuel injection pressures, the amount of particulate matter from the diesel
engine was very small, ranging from 0.0012 to 0.0062 g/kWh. By changing the distribution rules, the minimum
amount of NOy was formed, corresponding to the case where the injection velocity was highest in the initial
phase (case 1 and a value of 9.51 g/kwWh) and gradually decreased in the latter phase of the injection process
(case 5 and a value of 21.01 g/kwh). In addition, engine power decreased by 1.9%, from 23.32 to 22.88 kW, and
fuel consumption increased by 1.8%, from 216 to 220 g/kWh. Due to inadequate fuel mixing between zones and
fuel being mixed leaner than the combustion limit when increased injection pressure is used with a large
injection volume in the initial phase. As a result, the maximum HC amounts increase by 4.8 times and the
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maximum CO amounts increase by 1.6 times compared to other injection cases.

Key words: injection rate shape, diesel engine, 3D simulation, exhaust emission.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

To date, fossil fuel engines continue to play an extreme-
ly important role in powering vehicles, agricultural machin-
ery and construction machinery. Although the number of
electric vehicles is increasing rapidly (reaching 20% of
vehicles sold by 2024), fossil-fuel vehicles still play a dom-
inant role in meeting people's transportation and travel
needs [7]. Along with the issue of global warming caused
by greenhouse gases and exhaust emissions from internal
combustion engines, emission gas requirements for these
engines are becoming increasingly stringent. Besides, tech-
nical improvements to enhance performance are also
a focus of research. Research directions that have been and
are being considered as follows: 1) research on the use of
alternative fuel sources that do not create greenhouse gases
[5, 9, 21, 23]; 2) research on optimizing engine operation to
increase efficiency and reduce fuel consumption [6, 20]; 3)
research on improving fuel injection process combined with
the use of exhaust aftertreatment solutions remove harmful
pollutants [2, 8, 16] and 4) research on calculating and
redesigning engine parts [1, 12].

Solutions to improve fuel injection processes, combined
with exhaust aftertreatment that removes harmful pollu-
tants, are receiving widespread research attention, especial-
ly as materials and manufacturing technologies improve.
Replacing mechanical fuel injection systems with electronic
ones allows the injection process in diesel engines to be
controlled and adjusted more precisely. Studies have been
conducted, including increasing injection pressure, increas-
ing the number of injections per cycle, adjusting the distri-
bution rules in the combustion chamber, and adjusting the
geometric dimensions of the injectors [10, 14, 17]. The fuel
spray is determined experimentally using high-resolution

optical devices. This allows for the study of fuel spray
development, atomization, and the visual observation of the
fuel spray's geometric parameters [18, 22].

It is possible to use needle-seat throttling or adjust the
injection pressure to control the fuel distribution into the
combustion chamber when using an electronic fuel injec-
tion system. In particular, the injection pressure control
method helps the engine balance the NO,-soot trade-off and
reduce fuel consumption compared with the needle-seat
throttling solution [19]. Using boost-shaped produced sig-
nificant changes in the diffusion combustion phase, and the
NO, amount reduced [3, 4]. The injection velocity signifi-
cantly affects spray penetration, heat release rate, the
NO,-soot trade-off, and engine noise during combustion.
Studies have been conducted with injection pressures reach-
ing 1700 bars. The results demonstrate that a slow initial
injection rate and a gradual increase in the later stages will
help reduce NO, and increase soot [11]. Variations in injec-
tion shape were performed with B20 biofuel and 5 different
injection shapes. The results showed that the optimal injec-
tion shape could help reduce NO, by 11% and soot by 4%.
However, the study was conducted only at an injection
pressure of 350 bar [15].

Modern diesel engines use fuel systems that achieve 170
MPa and can reach up to 240 MPa. However, studies have
shown that increasing injection pressures combined with
adjustments to nozzle diameter, boost pressure, and exhaust
gas recirculation is an effective solution or achieving
Euro V emission standards without the need for additional
exhaust treatment systems [24]. Case studies with pressures
up to 300 MPa have yielded very good results for both
traditional and alternative fuels. With the use of common-
rail fuel systems and improved component manufacturing
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technology, increasing the pressure beyond 300 MPa is
a promising direction.

Although increasing fuel injection pressure improves
engine performance and emissions, this solution also has
some limitations that need to be addressed in the future.
Firstly, it increases the power loss in driving the fuel pump.
Secondly, fuel leakage increases due to the direct impact of
injection control and the manufacturing precision of the
system's components. Furthermore, high injection pressure
makes it difficult to control the fuel injectors, especially in
modes with low injection volumes. In addition, the cost of
an ultra-high-pressure fuel system, along with the necessary
turbochargers, increases the engine's overall cost.

Within the scope of this study, an evaluation was con-
ducted to assess the effects of increasing the injection pres-
sure to 350 MPa and changing the injection rate shape in
the combustion chamber on the engine operating parame-
ters and harmful emissions. This foundational research
helps shape the mechanical design and explore the limits of
injection pressure ranges for next-generation fuel systems.
The results obtained provide a basis for controlling the
injection process of modern diesel engines.

2. Research subject and research model

In this study, a 3D model of a single-cylinder turbo-
charged diesel engine was established using the AVL Fire
package. The engine has a compression ratio of 15.4 and
uses an electronic fuel-injection system with injection pres-
sures up to 350 MPa. The engine used for the study has the
parameters shown in Table 1.

into the 3D model the injection quantities corresponding to
different engine load conditions.
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Fig. 1. Experimental results of fuel injection quantity according to inject-
tion pressure and control signal pulse

In addition to fuel injection quantity, engine operating
parameters are determined by actual operating conditions
during testing. The basic parameters are collected and en-
tered into the 3D model as shown in Table 2.

Table 2. Boundary conditions of the 3D model in AVL Fire
Conditions

| Descriptions
For diesel engine

Engine speed 1400 rpm
Table 1. Basic parameters of the engine under study [12] Boost pressure 0.25 MPa
Item Descriptions Intake air temperature 307 K
Engine type 4-stroke, single-cylinder CRDI Cylinder head temperature 550
Number of cylinder 1 Cylinder wall temperature 475 K
Bore x Stroke 120 mm x 130 mm Piston top temperature 330
Connecting rod length 224 mm Fuel injection temperature 330
Displacement 147L Fuel mass per cycle 120 mg
Compression ratio 15.4:1 Start of injection 17°CA bTDC
Injection pressure Up to 3500 bar Environmental standards EURO 4
Intake air pressure 0.25 MPa For 3D model
Number of nozzle holes 8(-) Spray model Wave
Nozzle hole diameter 0.15 mm Spray wall interaction model Walljetl
Intake valve: Droplet Evaporation model Dukowicz
Open 10°CA bTDC Turbulence model k-zeta-f
Close 15°CA aTDC Ignition model Auto-ignition
Exhaust valves: NO formation Extended Zeldovich
Open 50°CA bTDC Soot formation Kinetic
Close 6°CA aTDC

Important parameters when establishing the model are
the fuel injection quantity and its characteristics. These
values need to be determined experimentally and corre-
spond to the fuel system used. Figure 1 shows the experi-
mental results for the fuel injection quantity at injection
pressures ranging from 100 to 350 MPa. To determine the
injection amount according to the control signal pulse, an
experiment with an ultra-high-pressure fuel system was
performed as the experimental scheme presented in previ-
ous studies [13]. The injection amount value was averaged
over 100 injection cycles and performed 3 times consecu-
tively. From the experimental results, we select and input

In addition to the operating parameters, to establish the
3D engine model for the study, we selected the ECFM-3Z
combustion model, the k-zeta-f turbulent model, and the
automatic ignition model. In addition, the Dukowicz fuel
droplet evaporation model and the Wave spray model were
chosen. Finally, to determine NO and soot formation in the
engine, we selected the Zeldovich extended models and
their corresponding kinetic models.

Figure 2a shows the detailed drawing of the actual di-
mensions of the experimental engine piston. After import-
ing the data into the model and meshing, we obtained the
results shown in Fig. 2b, with each cell having a size of
1 mm. This value helps reduce computation time and pro-
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vides sufficient results to assess changes in engine perfor-
mance [12].

a)

78

1135

b)

Fig. 2. Piston shape of the experimental engine (a) and after meshing in the
model (b)

To evaluate the model's accuracy, several test results
from the actual experimental engine were compared with
those obtained from the simulation. The results are shown
in Fig. 3. This is the position corresponding to the engine
speed at which maximum torque is reached.
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Fig. 3. Comparison of simulation and experimental results: a) engine speed

at 1400 rpm, fuel injection pressure of 150 MPa, injection mass per cycle

of 60 mg, intake pressure of 1 bar (absolute pressure); b) engine speed at

1400 rpm, fuel injection pressure of 300 MPa, injection mass per cycle of
60 mg, intake pressure of 1.5 bar (absolute pressure)

The results obtained from the model and the experiment
are relatively close. Therefore, the established model can be
used for further research to evaluate and improve the en-
gine.

3. Results and discussion

Simulations were performed on a diesel engine with
a fuel injection rate of 120 mg/cycle, a fuel injection pres-
sure of 350 MPa, and a boost pressure of 0.25 MPa, using
a 5-injection-rate shape as shown in Fig. 4. The fuel injec-
tion characteristics were selected based on a typical injec-
tion rate shape for diesel engines. In these cases, case 1 is
the early-peak/front-heavy profile, with fuel distribution
concentrated primarily at the start of the injection process.
Next, case 2 is the rapid-decay/front-heavy with tail profile.
With this injection pattern, a large amount of fuel is deliv-
ered at the beginning, the flow is reduced rapidly in the
middle of the cycle, and a small, sustained injection volume
is maintained at the end. Case 3 is the symmetrical/para-
bolic profile. The fuel is evenly distributed, with most of it
concentrated in the middle of the injection process, with
smaller injection volumes at the beginning and end. Case 4
is the late-peak/rear-heavy profile, in which fuel is retained
and supplied primarily during the final stage of the injection
stroke. Finally, case 5 is the boot-shaped profile with the
spraying process divided into a low-pressure phase to con-
trol the fire delay and a high-pressure phase for the main
spray. The change in fuel delivery shape, corresponding to
an injection volume and an injection pressure of 350 MPa,
is supported by the Diesel RK software.

Cases 1 and 2 show the change in injection speed during
the latter stages of the fuel injection process. Cases 4 and 5
show the difference during the initial stages of the injection
process. These spray patterns are imported into the nozzle
submodel in AVL Fire.
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Fig. 4. Injection rate conditions for the surveyed cases

Figure 5 illustrates the engine's mean total pressure and
the rate of heat release in the combustion chamber. It can be
seen that in cases 1 and 2, the amount of fuel in the initial
phase of the injection process is large, causing the combus-
tion process to occur quickly.
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Fig. 5. Mean total pressure (a) and rate of heat release (b) in cylinder

The mean total pressure and the rate of heat release in
the cylinder increase rapidly. Since the fuel injection
amount is 120 mg/cycle and only the fuel injection shape
changes, the maximum mean total pressure in the combus-
tion chamber remains constant, but the slopes differ clearly.
The rate of heat release in case 1 is the highest, so the en-
gine tends to be noisier than in the other cases. In cases 4
and 5, because the initial fuel injection volume is low and
gradually increases, the maximum rate of heat release is
lower and the rate of heat release curve is flatter compared
to cases 1, 2, and 3. From Fig. 5a, it is also evident that the
rate of pressure rise for the simulated engine at an injection
pressure of 350 MPa is exceptionally high. This is attribut-
ed to the simulation being conducted with a single injection
per cycle. Furthermore, with an injection quantity of up to
120 mg/cycle and high injection pressure, the fuel atomizes
and mixes thoroughly with air, resulting in rapid combus-
tion. This leads to a peak pressure-rise rate of (12-18)
MPa/deg. CA, exceeding the permissible limit for diesel
engines. Consequently, the engine risks severe diesel
knock, which imposes high thermal and mechanical stresses
that could lead to structural damage. In practical applica-
tions involving modern electronic high-pressure fuel injec-
tion systems, multiple pilot injections must be implemented
to maintain the rate of pressure rise below 0.4 MPa/°CA.

Figure 6 shows the indicated power and indicated fuel
consumption of the engine. It can be seen that cases 1, 2,
and 3 show almost constant indicated power at 23.3 kW,
but the engine power decreases when fuel injection is per-
formed according to rules 4 and 5. The power value in case
5 is 22.8 kW, a decrease of 2.15% from case 1. Similarly,
the indicated fuel consumption rate changes. Cases 1, 2,
and 3 show an indicated fuel consumption rate of 216
g/kWh, but in case 5, it increases to 220 g/kwWh. Thus, cases

1, 2, and 3 show the highest indicated power and the lowest
indicated fuel consumption.
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Fig. 6. Engine performance indicators: a) Indicated power (N;) and indicat-
ed fuel consumption (gi); b) Indicated efficiency (n;)

In parallel with the change in indicated power, the
change in the engine's indicated efficiency is shown in Fig.
6b.

The emissions from the surveyed engine correspond to
5 variations, as shown in Fig. 7. The lowest NO, emissions
were recorded in case 1. The decrease in NO, is due to the
large amount of fuel supplied during the initial phase of
fuel injection. The combustion process is rapid and effi-
cient, thus reducing the rate of NO, formation. If the fuel
injection rate increases gradually and reaches its maximum
near the end (as in case 5), then the amount of NO, formed
also reaches its maximum. The value obtained is 21.01
g/kWh, an increase of almost 1.2 times compared to case 1
(Fig. 7a). In contrast to the variation in NO, the soot value
is shown in Fig. 7a. The lowest soot value was obtained in
case 5, reaching 0.0012 g/kWh, four times lower than in
case 1. In all cases surveyed, the soot value was very low.
This is explained by the fact that the fuel injection pressure
of the model under study reached 350 MPa, and the injector
had a nozzle diameter of 0.15 mm. The ultra-high injection
pressure combined with the small nozzle diameter resulted
in finely dispersed fuel, rapid combustion, and reduced soot
production.

Figure 7b shows the CO and HC emission results for the
surveyed cases. The amounts of CO and HC are calculated
in the model run report, which shows the final CO and HC
formation from the simulation cycle. High levels of CO and
HC were observed in cases 1 and 3, while lower levels were
observed in case 4. The high CO and HC levels in case 1
can be attributed to the large amount of fuel injected in the
initial phase, which reduced the number of fuel particles in
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full contact with the air, thus limiting the complete oxida-
tion to CO,. Along with that, due to inadequate fuel mixing
between zones and fuel being mixed leaner than the com-
bustion limit. In addition, due to the high injection pressure,
the spray develops very quickly (Fig. 8) and is well dis-
persed, causing some of the fuel to evaporate and be drawn
into the dead space between the piston crown and the cylin-
der head (Fig. 9a). The result was an increase in CO and
HC of 1.6 and 4.8 times, respectively. In case 4, because
the amount of fuel injected increases gradually, the fuel
particles are more readily exposed to fresh air, leading to
complete fuel oxidation. As a result, the amount of CO and
HC decreases.
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Fig. 7. Variation of the diesel emissions: a) NO and soot; b) CO and HC
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Fig. 8. Fuel penetration in the studied cases

At the end of the fuel injection process in case 1, a very
small amount of fuel was injected, resulting in high CO and
HC levels. By addressing fuel leakage in the final stage, HC
and CO levels in case 2 decreased compared to case 1.

The development of the fuel spray as well as the fuel
penetration is shown in Fig. 8 and Fig. 9. The results were
obtained from the AVL Fire model run report.
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In case 1, the large amount of fuel injected in the initial
phase creates a cone-shaped spray (Fig. 9a), and the spray
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develops rapidly, causing the fuel penetration to reach its
maximum quickly. Subsequently, the fuel spray rapidly
contacts the combustion chamber walls and begins to burn
at an angle of 713°CA bTDC. Conversely, in cases 3 and 5,
because the amount of fuel injected in the initial stage is
insufficient, the fuel spray develops gradually, and the fuel
penetration changes accordingly. Combustion occurs later
than in case 1, starting at 714°CA bTDC. Also, because the
amount of fuel per cycle is constant, the injection timing is
fixed, so the maximum temperature in the combustion
chamber remains constant (see Fig. 10).
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Fig. 11. Fuel particle size in combustion chamber: a) case 1; b) case 3;
c) case 5

The development of the fuel spray as a function of fuel
particle size is shown in Fig. 11. The results are similar to
those for fuel penetration under an injection pressure of 350
MPa.

The results show that fuel injection according to rule 1
yields the best performance in indicated power, indicated
fuel consumption, and NO reduction. Although the soot
value is large compared to other fuel injection shapes, when
combined with a small nozzle diameter and injection pres-
sure of 350 MPa, the amount of soot formed is only 0.0062
a/kwh.

4. Conclusion
The study presented the influence of the shape of the

fuel injection characteristic, combined with ultra-high injec-

tion pressure and turbocharging, on the performance and
emissions of diesel engines. Within the scope of this study,
the following results were achieved:

A reliable model of a turbocharged single-cylinder die-
sel engine was established using the AVL Fire package to
evaluate operating and emission parameters during engine
improvement studies.

— Conduct a survey on the changes in economic, tech-
nical, and environmental indicators of a single-cylinder
diesel engine when the injection rate shape is changed.
It can be seen that injecting a large amount of fuel in the
initial phase resulted in a 1.9% increase in power,
a 1.8% reduction in fuel consumption, and a 2.2 times
reduction in NO emissions compared to the other case
studied.

— Due to the large amount of fuel injected in the initial
phase, the number of fuel particles in full contact with
the air is decreased in the fuel spray area, and therefore,
complete oxidation to CO, is limited. Additionally, due
to inadequate fuel mixing between zones and fuel being
mixed leaner than the combustion limit, CO and HC in-
creased by factors of 1.6 and 4.8, respectively.

— Although the soot value in case 1 is large compared to
other fuel injection shaping, when combined with
a small nozzle diameter and an injection pressure of of
350 MPa, the amount of soot produced is only 0.0062
a/kWh. However, the engine releases heat at a high rate,
making it difficult to operate if fuel distribution is im-
plemented according to this rule.

Based on the results of this study, injection strategies
are considered alongside factors such as injection pressure,
boost pressure, and injector geometry to reduce emissions
in diesel engines.

Nomenclature

aTDC after top dead center
bTDC before top dead center
CO carbon monoxides

CO, carbon dioxides

CRDI common rail diesel injection
HC  hydrocarbons
NO, nitrogen oxides
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