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ABSTRACT

The operation of a diesel engine is greatly affected by the fuel injection process. This process directly
impacts fuel atomization and the spray's characteristic parameters, as well as the engine's economic
efficiency, technical parameters, and emissions. The present study examines how increasing the fuel
injection pressure affects the operating parameters of the 490 QZL diesel engine at maximum torque using
a 3D model from the AVL Fire package. The results show that increasing the fuel injection pressure from
500 bar to 3,000 bar increases the power value by 19.7% and decreases the useful fuel consumption rate by
17.6%, with a fuel injection angle of 22 degrees before the Top Dead Center (TDC) remaining constant.
Soot emission decreases by 44%, with a more significant decrease observed at injection pressures ranging
from 1500 bar to 3000 bar. Nitrogen Oxide (NOx) emissions slowly increase at injection pressures from
1000 bar to 1500 bar, but rapidly increase at injection pressures above 1500 bar. Hydrocarbon (HC) and
Carbon Monoxide (CO) emissions decrease most markedly at injection pressures from 1000 bar to 2000
bar; at higher pressure values, the decrease is slower. Additionally, as the injection pressure increases, the
length of the fuel spray increases significantly; however, the spray cone angle changes minimally due to the
influence of the nozzle hole's geometrical size. Increasing the injection pressure improves the economic
efficiency and technical parameters, while reducing the HC, CO, and especially soot emissions. These
results form the basis for improving the diesel engine test bed at the Mechanical Laboratory of the

University of Transport and Communications in Vietnam.
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I.  INTRODUCTION

The European Union's assessment states that diesel engines
will remain a primary power source for heavy trucks, road
tractors, buses, construction machinery, and agricultural
machinery. Similar predictions have been made for countries in
Asia and Southeast Asia. The number of vehicles, especially
those using diesel fuel, is increasing in Vietnam and around the
world over time. Concurrently, the demand for engine power in
L for vehicles that meet increasingly stringent environmental
requirements has led to the need for further solutions to
improve engine performance. Studied and applied solutions
include redesigning engines to optimize the internal
combustion engine details and systems [1], reducing the carbon
content in fuels by using alternative and green fuels [2], as well
as gas fuels and other energy sources from renewable resources
[3] and using exhaust gas recirculation systems, Selective
Catalytic Reduction (SCR) systems, and smoke filters [4, 5].

Theoretically, fuel injection pressure directly affects the fuel
atomization and the spray's characteristic parameters, as well as
the engine's technical and economic parameters. Therefore,
increasing the injection pressure and the number of injections
per cycle is a solution considered to improve atomization and
air-fuel mixture mixing in the engine [6, 7]. Common rail fuel
injection systems achieve an injection pressure of 1500 bar at
an average pressure. High-pressure fuel injection systems can
reach an injection pressure of 2000 bar and easily control the
start and end points of the injection process. Furthermore, the
system enables multi-stage injection control and provides an
injection pressure that adapts to the operating modes of the
actual working conditions. The injection volume, timing, and
pressure are calculated and stored in the ECU and are
independent of other conditions. Modern diesel engines use a
new generation of fuel injection systems with an injection
pressure that can reach 2,200 bar. Increasing the fuel injection
pressure from 1500 bar to 2400 bar reduced the ignition delay
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by nearly half and increased the engine efficiency.
Additionally, the fuel combustion time in the combustion
chamber decreased when this system was applied to a heavy-
duty diesel engine [8]. It has been shown that increasing the
fuel injection pressure in combination with decreasing the hole
diameter gradually decreases the engine soot emissions. Micro-
diameter nozzles combined with high injection pressure create
a better mixture than conventional nozzles and increase the
vaporization rate while reducing the homogenization time of
the mixture in the combustion chamber [6]. High injection
pressure, together with a small hole size, is highly efficient in
increasing the turbulence velocity and reducing fuel particle
size. The smoke level is lower at a constant NOx emission level
when the injection pressure increases from 2000 bar to 2500
bar. Additionally, increasing the injection pressure significantly
reduces the fuel consumption at a constant NOx and smoke
emission level [9, 10]. The combustion process of a diesel
engine depends greatly on the fuel injection process, including
factors such as fuel injection pressure, fuel injection mass per
cycle, fuel injection timing, and the number of injections per
cycle. Studies were carried out with injection pressures
reaching 2500 bar. The engine operating parameters were
evaluated under test conditions and applied in practice. When
increasing the injection pressure, issues such as sealing,
injection process control, manufacturing materials, and
component operating time must be considered and evaluated.
Therefore, the impact of further increasing the pressure on the
operating parameters of modern diesel engines needs to be
considered, studied, and evaluated. Additionally, the effect of
the injection pressure on the operating parameters of the engine
differs greatly depending on the shape of the combustion
chamber.

II. THEORETICAL BASIS OF 3D MODEL IN AVL
FIRE

A. Fuel Injection Model

The spray model involves multiphase flow phenomena,
thus necessitating the numerical solution of conservation
equations for both gas and liquid phases. In the context of the
liquid phase, the vast majority of spray calculations are
predicated on a statistical method known as the discrete droplet
method. The spray process is calculated using sub-models. The
momentum exchanges between fuel droplets and air, turbulent
dispersion, droplet evaporation, secondary breakup, droplet
collisions, and droplet-wall interactions are performed by a
comprehensive model suite that allows application to different
flow regimes. The vapor of the fuel droplets is used as an input
parameter to the supplementary equation for the vapor part.
The solid particles can be calculated by the discrete droplet
method. The trajectory and velocity of a particle or droplet are
given by:

du;
mdd_;d= idr+Fig+Fip+Fivm+Fib (D

where m, is the particle mass, u;; is the particle velocity
vector, Fy, is the force pressure, Fy,pm, is the virtual mass force
that takes into account the acceleration/deceleration of the

surrounding the droplets, particles or bubbles, F;;, other
external forces, such as binding forces, magnetic or

electrostatic forces, Magnus forces or other forces, F;g4,- is the
drag force, D, is a dual function, Fy; is a force which includes
the effects of gravity and buoyancy.

B. Combustion Model

The study used the ECFM-3Z combustion model, where the
average amounts of chemicals, such as Oa, N2, Ha, and H>O,
were calculated based on transport equations. The term "burnt
gases" refers to the actual combustion gases present in the
mixed region MP, a portion of the unmixed fuel in the region
F?, and air in the region AP. The "burnt gases" can be defined
as:

9pyx |, OPTIx _i((# _|_£) ay_X) = Wy )

ot Oxi Oxi \\Sc  Sct/ 0x;

where EX is the combustion source and Jy is the average mass
fraction of the i component, S; is the Schmidt number, and S,
is the turbulent Schmidt number.

C. Mixing Model

The K model is a method of calculating the mixture
quantity with a characteristic time step. In order to develop a
comprehensive model, it is important to ascertain the precise
quantities of fuel that infiltrate both the mixture region and the
"pure fuel" region during the process of evaporation. The pure
fuel region is defined as region F, and the mixture region
extends from region F to region M, as shown in Figure 1.

Flame propagation
“u = unbumed gases

Homogeneous
reactors

b = burned gases

A = unmixed air

(+EGR) Turbulent
mixing
M = mixed air & fuel Burnt gases

F = unmixed fuel

Premixed flame
oxidation

Auto-ignition Diffusion flame

(oxidation + pollutant formation)

Fig. 1. Zones in the ECFM-3Z combustion model.

The fuel-air mixing process is simulated by initially placing
the fuel in the "pure fuel" zone. This allows evaporated fuel
from the droplet to be released into the fuel zone, resulting in:
F=F" + F’. In order to describe the three mixing regions, two
new quantities must be defined: unmixed fuel y&,(JE, =

~u, ~b, . ~A (SA _ WA | DA
}’:uF + yFuF) and unmixed oxygen }’512 (}’32 = gz + Yo, )-

— —_ ~ ~ —F-M
oIty PWIE, _ 9 (R OV _ =dF L =1
IPVpu 4 OPWVFu _ O (K 9VFu) _ 5¢ E
e T ax; ax; \S; ax; PSku+ PERpu (3)
0py6, | 9PWIb, _ 0 (w098, _ M @
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_ The mixing model is described by the sources Ef,,™ and
E"(‘,“Z_’ M in the unmixed fuel and unmixed oxygen. The mixing

quantity is calculated with a characteristic time scale based on
the k-& model:
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where MM is the average molar mass of the mixed gases, Mg,
is the mass of the fuel, My, is the mass of Oxygen, M, 4 ggr 18
the average mass of the unmixed gas + exhaust gas, p is the
mean density, p%“|u is the density of the unburned gases
(density of the new gases that would be obtained if combustion
did not occurred), ¥, is the mass of oxygen, and ., is the
mixing time. Furthermore, the 3D model in AVL Fire uses
calculation models or sub-models, as depicted in Table I.

TABLE L OTHER MODELS/SUB-MODELS IN AVL FIRE
FOR THE 490QZL DIESEL ENGINE
Modules Model/sub-model
NOy Extended Zeldovich
Soot Kinetic Model
Wall interaction model Walljet 1
Breakup model Wave
Evaporation model Dukowicz

D. 3D Meshing of the Combustion Chamber of the 490QZL
Engine in AVL Fire

The diesel engine simulation does not include the processes
of intake and exhaust, which are omitted to reduce the
calculation time, and the calculation begins with the closure of
the Intake Valve (IVC). The mesh is formed in Figure 2, with
the total number of cells being 86,856, the number of faces
1,283, the number of boundary faces 172, and the average cell
size 1 mm. The parameters and mesh of the AVL fire are based
on the shape of the 490 QZL engine piston bowl. The model of
the combustion chamber, subsequent to meshing, is presented
in Figure 2. The fundamental parameters of the 490 QZL diesel
engine are illustrated in Table II.

Fig. 2. 490 QZL engine combustion chamber model after meshing.
TABLE II. PARAMETERS OF THE 490 QZL DIESEL ENGINE

Parameter Value

Bore x stroke (mm) 90x100
Displacement volume, L 2.54

Compression ratio 17
Maximum power, kW 52.5
Speed to reach maximum power, RPM 3200
Maximum torque, N.m 180
Speed to reach maximum torque, RPM 2000~2240
Firing order 1-3-4-2

III. RESULTS AND DISCUSSION

The engine should be simulated with fuel injection pressure
ranging from 500 bar to 3000 bar at 2200 rpm. This is the
speed at which the engine reaches the maximum torque,
making this mode a subject of interest for further examination.
The fuel injection amount value was determined by measuring
the value of the original engine before increasing the injection
pressure. The value in question is measured at 48 mgr per
cycle, and it is injected at -22 degrees below the crank angle
(bTDC). The changes in the engine parameters are:

A. Variation of Pressure and Rate of Heat Release

Figure 3 presents the variation of pressure and the Rate of
Heat Release (RoHR) within the cylinder in relation to the
crankshaft angle under varying fuel injection pressures. An
increase in fuel injection pressure from 500 bar to 3000 bar
the combustion process, as
evidenced by the elevated peak of the RoHR, which occurs at a
more rapid and premature time. This results in a substantial
increase in the average pressure within the cylinder,
particularly in the near-TDC region (approximately 725° CA),
where the primary combustion process occurs. Specifically, at
elevated injection pressures (2000 bar and above), the RoHR
exhibits a sudden increase, reaching a higher peak value. This,
in turn, results in an earlier and higher average pressure peak
within the cylinder compared to low pressure levels.
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Fig. 3. Pressure and RoHR of the engine: a) pressure in the cylinder, b)
RoHR.

Conversely, at low injection pressures (500 bar—1000 bar),
the combustion process is slow and extended, resulting in a
more gradual increase in pressure within the cylinder and a
reduced pressure peak. This relationship directly reflects the
effect of the combustion rate on the work process in the
cylinder. When the combustion process occurs fast and is
concentrated near the TDC, the pressure in the cylinder will
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reach a greater value at the time the piston begins to move
down, thereby contributing to increased work efficiency.
However, an increase in pressure and heat dissipation rate
concomitantly augments the thermal and mechanical load on
the engine components. This phenomenon is accompanied by
the risk of elevated NOx emissions, contingent upon
inadequate adjustment.

B. Temperature Variation in the Combustion Chamber

Figure 4 demonstrates that the temperature variation in the
combustion chamber of a diesel engine depends on the crank
shaft angle and the injection pressure level.

An analysis of the results reveals that, at the time near the
TDC (approximately 725 degrees CA), the temperature inside
the combustion chamber increases sharply in all injection
modes. This is due to the rapid combustion reaction, which
generates a significant amount of heat. As the piston moves
downwards, it gradually decreases in temperature in
accordance with the expansion process. The increases in
injection pressure result in elevated maximum temperatures,
ranging from approximately 1700 K to over 2200 K. This
phenomenon indicates that elevated injection pressure leads to
the atomization of fuel particles into smaller sizes, accelerating
the evaporation process and enhancing the mixing with air. The
result of this process is an accelerated and more efficient
combustion reaction. Furthermore, the temperature at elevated
injection pressure levels exhibits a rapid decline post-peak,
indicative of the efficacy of the mixture and combustion
process within the engine.

T(K)
&
8

—— 500 bar
fffff 1000 bar
- — —1500 bar
- - = 2000 bar
— -+ 2500 bar
500 ——— 3000 bar
-50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 100
¢ (deg. CA)

Fig. 4. Temperature variation in the combustion chamber according to
fuel injection pressure.

C. Variation of Economic Efficiency and Technical
Parameters of the Engine

The present study examines the impact of the injection
pressures on the economic efficiency and technical parameters
of the engine. The investigation considers a range of
parameters, including average effective pressure (p.), brake
torque (M.), brake power (N.), brake specific fuel consumption
(ge), and brake efficiency (#.). An increase in injection pressure
results in the fuel being injected at a higher speed, the fuel
particles being smaller, and a significantly improved ability to
mix with air in the combustion chamber. This facilitates the
acceleration of the combustion process, resulting in fast

combustion near the TDC. Consequently, the maximum
combustion pressure in the cylinder is increased, thereby
improving the engine's power generation capability. Figure 5
shows the simulation results of M., N., and g. as the fuel
injection pressure is modified. It was observed that the power
N. increased in proportion to the increase in injection pressure
pini. The increase in N, is the most significant at injection
pressures ranging from 500 bar to 1500 bar. Conversely, at
higher pressure levels, the rate of increase exhibits a substantial
decline, resulting in a more uniform curve. Concurrently, the
M., also increases in accordance with the N, as the fuel injection
pressure rises. Conversely, as the pi, increases, the g.
decreases, when the fuel injection pressure ranges from 500 bar
to 1500 bar. However, the rate of decrease exhibits a
substantial decline at elevated pressures. The decline in the g.
as the pj,; rises signifies that the engine is operating in a more
efficient manner, using fuel more productively. The enhanced
combustion process is characterized by its increased efficiency
and rapidity, leading to the conversion of a greater proportion
of the fuel's chemical energy into useful mechanical work. This
improvement leads to a reduction in energy loss due to under-
combustion, thereby optimizing the overall efficiency of the
combustion process.

Ne (kW) ge (g/kWh),Me(Nm)

100 500
——Ne(kW) -@-Me(Nm) -x- ge (g/kWh)

80 L 400

60 e - 300

R I K== X

40 .{:_’.-__:-0----'-“" - 200
-

20 L 100
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0 500 1000 1500 2000 2500 3000 3500
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Fig. 5. Changes in brake power, brake torque, and brake specific fuel
consumption, according to fuel injection pressure.

D. Variation of Brake Mean Effective Pressure and Brake

Efficiency

Figure 6 presents a notable variation trend of p, and brake
efficiency 7., with pi,; ranging from 500 bar to 3000 bar. In
general, both parameters tend to increase as the injection
pressure increases. As the initial pressure pi, increases from
approximately 500 bar to 3,000 bar, the peak pressure p. rises
from 7.3 bar to 9.1 bar, and the efficiency index #. increases
from 26% to 33%. The reduction in fuel droplet size, caused by
the high injection pressure, results in enhanced air-fuel
miscibility and an improved combustion process. At low
injection pressures, the droplet size is increased, resulting in
reduced mixing and an extended ignition delay, decreasing the
efficiency. It appears that if the pressure is increased
excessively, the ignition delay becomes significantly brief, the
mixture does not have adequate time to homogenize, and the
injection spray is excessive, it may come into contact with the
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cylinder wall, leading to the formation of a fuel film that is
challenging to burn completely. Consequently, there is a
decline in the overall efficiency of the engine.

pe (bar) Ne (%)
10 35
9 - 30
8 - 25
7 —&— pe(bar) L 20
- & -ne(%)
6 15
0 500 1000 1500 2000 2500 3000 3500
pinj (bar)
Fig. 6. Variation of brake mean effective pressure and brake efficiency

with changing fuel injection pressure.

E. Engine Emission Variation

As the injection pressure increases, NOx emissions exhibit a
substantial rise, as shown in Figure 7. The increase in NOy
emissions is characterized by a gradual rise at low injection
pressures (below 1000 bar -1500 bar) and a subsequent rapid
acceleration at higher pressure levels. At a pressure of 500 bar,
the NOy value approaches zero. As the injection pressure
increases, the NOy value exhibits a gradual increase, reaching
0.23 g/kWh at 1500 bar. The NOx value exhibited an
accelerated increase as the injection pressure continued to rise,
reaching its maximum at the highest injection pressure that was
examined. The formation of NOy is found to be strongly
dependent on two factors: the peak combustion temperature
and the presence of oxygen. Elevated injection pressure results
in the atomization of fuel particles into a finer dispersion,
accelerated mixing processes, intensified combustion, and an
approach to the TDC. Consequently, the peak temperature in
the combustion chamber is elevated, significantly enhancing
the chemical reactions that generate NO, from the nitrogen and
oxygen present in the intake air.

NOX (g/kWh) Soot (g/kWh)
0.9 10
0.8 - @ - NOx (g/kWh) —¥— Soot (g/kWh)

0.7 -8
0.6
- 6
0.5
0.4
L a
0.3
0.2 L 2
0.1
0 =" 0
0 500 1000 1500 2000 2500 3000 3500
pinj (bar)

Fig. 7. Variation of NOx and soot emissions as fuel injection pressure

changes.

The formation of soot is observed in regions characterized
by oxygen deficiency and elevated temperatures within the
combustion chamber. These conditions, namely the presence of
fuel-rich environments and relatively high temperatures, are
conducive to the formation of soot. The application of high
injection pressure results in the formation of smaller fuel
particles, thereby increasing the contact surface area and the
fuel's capacity to penetrate the air. This results in the rapid and
uniform mixing of fuel and air, thereby reducing the formation
of regions with excessive fuel concentrations. Consequently,
the combustion process is more complete, leading to a
reduction in the amount of soot formed and an enhancement in
the oxidation of the formed soot. The level of soot emissions is
reduced more significantly in the range of 1500+3000 bar. The
CO and HC emissions are two critical indicators that reflect the
extent of the combustion process completion in diesel engines.
The simulation results demonstrate that the injection pressure
exerts a discernible influence on the combustion process,
consequently affecting the direct emissions of CO and HC.
Figure 8 demonstrates that:

e In the range of 500 bar to 1000 bar, there is a significant
increase in the effectiveness of the substance. The CO value
exhibited a precipitous decline, dropping from 135.7 to 55.0
g/kWh (-60%), while the HC value experienced a more
modest reduction, dropping from 0.0205 to 0.0131 g/kWh
(=36%). It is evident that increasing the injection pressure
in the initial stage results in a substantial reduction in fuel
droplet size, a notable improvement in evaporation surface
area, and a significant enhancement in the mixing with air.
Consequently, the oxygen-deficient zone is considerably
reduced, leading to a substantial decrease in CO and HC
emissions.

e In the range of 1000 bar-2500 bar, there is a significant
increase in the rate of change. The CO concentration
exhibited a decline from 55.0 g/kWh to 3.8 g/kWh, while
the HC concentration decreased from 0.01 g/kWh to 0.0075
g/kWh. At this stage, the injection pressure has caused the
atomization of the spray to reach relatively good levels. As
a result, the impact of increasing pressure is primarily
observed in small dead zones and cylinder gaps. Increased
injection pressure was found to result in increased spray
length, with the combustion center area gradually moving
closer to the cylinder wall. The atomization capability and
the extent of air usage in the space areas distant from the
nozzle result in a reduction of CO and HC.

e In the range of 2500 bar to 3000 bar, the emission reduction
effect slows down, as the atomization level is saturated and
the air level in the combustion chamber is depleted.
Consequently, the levels of CO and HC exhibit fluctuations
with minimal variations. It was observed that the injection
pressure, ranging from 10002000 bar, resulted in a
substantial reduction in the CO and HC emissions. As a
result, the phenomenon of saturation and the side effects are
prevented, as the mechanism of reducing the droplet size
and enhancing mixing occurs prior to the occurrence of
these effects at higher pressure levels.
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Fig. 8. Variation of CO and HC emissions according to fuel injection
pressure.

F. Effect of Injection Pressure on Fuel Spray Development

Figure 9 presents the variation in the spray cone angle and
fuel spray length, in relation to the fuel injection pressure. It
appears that when the fuel injection pressure is increased from
500 bar to 3000 bar, there is a significant increase in the length
of the fuel spray. Increasing the injection pressure increases the
energy provided to the fuel spray, resulting in a longer spray
under constant pressure conditions in the combustion chamber.
With regard to the spray cone angle, its modification in
response to the injection pressure is minimal, attributable to the
impact of the geometric dimensions of the fuel injection
opening. The development of the fuel spray is observed
through the 3D simulation software, as shown in Table III. The
spray tips are in motion and rapidly approaching the walls of
the combustion chamber. As the fuel injection pressure
increases, a greater quantity of fuel will vaporize and burn. The
fuel droplets will undergo a more rapid heating process,
resulting in a greater proportion of energy expenditure during
the fuel spray's movement. As a consequence, a reduced
quantity of fuel falls on the cylinder wall, thereby increasing
the amount of heat generated due to the increased amount of
fuel injected into the combustion chamber.

23 14
~@-L(mm) | —A—06 (deg.)

20 f 1 13
£ 17 1 12 =
E s
14 111

11 f 4 10

8 9

0 500 1000 1500 2000 2500 3000 3500
pinj (bar)

Fig. 9. Variation of the spray cone angle and fuel spray length with

injection pressure at -20 deg. CA bTDC.

TABLE IIL. FUEL SPRAY DEVELOPMENT AND
TEMPERATURE FIELD IN THE COMBUSTION CHAMBER
ACCORDING TO FUEL INJECTION PRESSURE AT -20 DEG.

CA BTDC
Pinj L (mm) 0 (deg.)
500
Diameter-m Temperature:K
0.00015129 1.0021e-06
BT e | | ] 775.64 I 0 I 54524
1000
Diameter:m
000015129
[
1500
Diameter:m Temperature:K.
0.00015124
mr 775.56 IR N 54847
2000
Diameter:m Temperature:K
0.00015126
e 77546 N N 55164
2500
Diameterm
0.00015125 Temperature:K
m 77534 I N 556.15
3000
Diameter.m Temperature:K
0.00015126 1e-06
Amr mEE 77515 N 0 I 530.66

In general, when fuel is injected into the combustion
chamber for a longer time, it receives more heat because the
total surface area of the fuel droplets that contact the hot
compressed air in the cylinder increases. The phenomenon of
heat transfer from gas to fuel is highly dependent on several
variables, including injection pressure, pressure, and
temperature in the combustion chamber. The fuel that falls on
the cylinder wall will vaporize and evaporate quickly, but the
combustion time will still be quite long. As the pressure
increases further, it becomes evident that the fuel undergoes an
increase in temperature and more concentrated combustion
near the TDC. The injection pressure increase must be adjusted
accordingly to the structure of the combustion chamber and the
angle of the injection hole to limit fuel sticking to the wall,
which negatively affects the combustion process of the diesel
engine.
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IV. CONCLUSIONS

The present study examined the impact of increasing fuel

injection pressure on the economic efficiency, technical
parameters, and emissions of a diesel engine, using a three-
dimensional simulation model. The outcomes of this study are:

(11

(21

The increases in fuel injection pressure result in
improvements in the brake power, brake torque, brake
mean effective pressure, and brake efficiency of the engine.
Concurrently, there is a gradual decrease in the fuel
consumption of the engine. The brake power value
exhibited an increase of 19.7% at a constant fuel injection
angle. The injection pressure demonstrated an escalation
from 500 bar to 3000 bar, while the brake-specific fuel
consumption decreased by 17.6%.

The emissions of soot, Carbon Monoxide (CO), and
Hydrocarbon (HC), exhibited a gradual decrease, whereas
the Nitrogen Oxide (NOy) emissions increased in response
to an increase in fuel injection pressure. The soot value
demonstrated a decrease of up to 44%, exhibiting a steady
decline with increasing injection pressure. The reduction in
soot value seemed to become more evident at pressures
ranging from 1500 bar to 3000 bar. Conversely, the NOy
increase is characterized by a gradual rise at low injection
pressure and a rapid acceleration at higher pressures. The
integration of Selective Catalytic Reduction (SCR) on the
exhaust pipe enhances the efficacy of NOx treatment while
reducing soot emissions, thereby minimizing the risk of
particulate filter blockage. For HC and CO, the injection
pressure within the range of 1000 bar to 2000 bar results in
the most evident emission reduction effect. The basis for
this phenomenon can be attributed to the mechanism of
reducing the droplet size and enhancing mixing, which
occurs prior to the occurrence of saturation and side effects
at higher injection pressure.

Increasing the injection pressure provides greater energy to
the spray, resulting in a longer spray under constant
pressure conditions within the combustion chamber.
Consequently, when the fuel injection pressure is increased
from 500 bar to 3000 bar, the length of the fuel spray
experiences a substantial increase. With regard to the spray
cone angle, its modification in response to the injection
pressure is minimal, attributable to the impact of the
geometrical dimensions of the fuel injection orifice.
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