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Abstract: In order to study the influence of different fuel injection laws on the combustion process of 475 di-
esel engine. CFD software Fire was used to simulate and analyze the combustion process under the three in-
jection Characteristics. The combustion simulation model was established and the accuracy of the model was
verified. The effects of different injection laws on pressure, temperature, heat release and emission were si-
mulated. The results show that the diesel engine had good power and economy performance under the rule of
triangular injection. Because the delayed combustion period was too long, there were more mixed gases in the
initial combustion, which leads to higher pressure ratio, rough work, more NOx and CO emissions, less car-
bon emissions in the initial combustion. The temperature and pressure in the cylinder were lower, the cumula-
tive heat release was less, and the carbon smoke emission was more under rectangular fuel injection pattern.
The diesel engine performance of trapezoidal injection was in the middle.
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1. Introduction

The fuel injection law curve can directly show the change
of fuel injection rate with crankshaft angle, which has a
great influence on the performance of diesel en-
gine!'. The effect of fuel injection on diesel performance
was studied, the performance can be optimized by ana-
lyzing the fuel gas mixture and combustion process of
diesel engine.

Many scholars had studied the influence of fuel injection
on engine in bench test””!. The combustion performance
of diesel engine was studied and analyzed in different
injection angles, transient flow characteristics and injec-
tion hole pressure. In view of the long cycle and heavy
workload of engine bench test, some scholars had also
used the method of simulation analysis to study the influ-
ence of different fuel injection laws on diesel engines.
Guo C et al.®used CDF to simulate his experiment to
study the influence of fuel injection characteristics on the
free-piston diesel linear generator(FPDLG).Four injec-
tion rate curves of rectangle, wedge, trapezoid and trian-
gle were simulated and compared.Finally, the trapezoidal
injection had high engine efficiency. Wu X et al. ") estab-
lished a gas-liquid two-phase three-dimensional cavita-
tion flow model to study the relative difference of injec-
tion rate in the orifice of the perforated diesel nozzle,
which has an important impact on the combustion and
emission characteristics of the diesel engine.Some scho-
lars ®'% also simulated and studied the influence of the
related structural parameters of the nozzle on the internal
flow characteristics of the nozzle. Such as spray nozzle
diameter and length (hole length to diameter ratio), en-

trance radius, the nozzle spray and spray hole taper hole
angle.

In order to optimize the combustion process of diesel
engine and reduce fuel consumption and emission, the
simulation model of 475 diesel engine was established
use AVL FIRE. The combustion and emission characte-
ristics of diesel engines under different fuel injection
laws were studied. It can guide the optimization and up-
grading of 475 diesel engine.

2. Engine Parameters and Model Estab-
lishment

2.1. Diesel engine parameters

The main technical parameters of 475 diesel engines are
shown in Table 1.

Table 1. Main Technical Parameters of 475 Dieselengines

model 475
type Straight, water - cooled,
four - stroke
Combustion chamber type Direct injection
cylinder diameter (mm) 75
stroke (mm) 85
Cylinder liner type dry liner
piston volume (L) 1.502
Compression ratio 18
Rated power/speed (kW/r/min) 24/3200
Maximum torque (N-m) >85.6
Minimum fuel consumption at full <55
load (g/kWh) ~
oil consumption rate at the operating <27
condition (g/kWh) -

2.2. Selection of computational model
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2.2.1. The spray model

The FIRE software uses WAVE discrete model to de-
scribe the spray crushing process, and considering the
connection between the spray droplets and the structural
parameters of the injector, it is suitable for the crushing
process of the jet surface.

2.2.2. Combustion model

The combustion of internal combustion engine can be
regarded as turbulent combustion process, such as flame
propagation, stretching and extinguishing. The common-
ly used combustion models were Turbulence controlled
combustion model, which was proposed by Magnussen
et al.

2.2.3. NOx emission model

When the actual air-fuel ratio of internal combustion en-
gine is close to the theoretical air-fuel ratio, NOx emis-
sion is applicable to the Extended Zeldovich model. NOx
is produced at high temperature and oxygen-rich condi-
tion, so temperature and oxygen concentration influence
NOx emission. This model calculates NOx production
according to the measurement of these two parameters.
The production of NOx was calculated according to these
two parameters of the model.

2.2.4. The smoke model

We should not only consider the NOx emissions of diesel
engine, more need to consider the generation of smoke
carbon (Soot).Carbon smoke was caused by incomplete
combustion of fuel, which was affected by many factors,
such as fuel quality and fuel atomization quality, and will
form solid particles harmful to human health. Kinetic
Model is usually selected for carbon smoke Model.

2.3. Fuel injection regulation setting

In this paper, the effects of three fuel injection regular
curves (trapezoid, rectangle and triangle) on the perfor-
mance of 475 diesel engines were studied. The curves of
the three oil injection patterns are shown in figure 2.For
convenience, the trapezoidal oil injection rule is denoted
as a, the rectangular oil injection rule is denoted as b, and
the triangular oil injection rule is denoted as c. Injection
time is from 712 ° CA to 732 ° CA. Total fuel injection
quantity is 3.23 mg.

(a) trapezoidal

(b) rectangular

(c) triangle
Figure 1. Three types of fuel injection regular curve

2.4. Model building

The related parameters of the injector were set in Sketch-
er. Injector fuel injection hole number is 5, spray hole
diameter is 0.2 mm, spray hole diameter is 0, the outer
taper Angle of nozzle hole is 8 °, the cone Angle is 0, the
spray Angle is 152 °.As shown in figure 2.

The model mainly simulates the spray and combustion
process, so the calculation is carried out in the interval
between the inlet valve closing and the exhaust valve
opening. FAME and FAME Engine, the grid division
tools of the FIRE, are used to build and divide the grid.
After gridding, the two-dimensional dynamic grid is ex-
ported, as shown in Figure 3.

3. Validation of Engine Model

In this paper, the condition was simulated, that engine
speed is 3200r /min and 75% load. Every 0.2 ° crank
Angle as the calculating step length in the process of cal-
culating. The temperature at the piston is set to 583K.The
temperature at the cylinder wall is 413K.The temperature
at the top of combustion chamber is 553K.Other parame-
ters were set as follows: pressure was 1 atmosphere, tem-
perature was 363K, turbulence kinetic energy was
30.8m%/s?, turbulence length was 0.0045m, and turbu-
lence diffusion rate was 6241.59m?/s’.

In order to ensure the accuracy of the established calcula-
tion model, the calculated cylinder pressure curve was
compared with the actual bench pressure curve, as shown
in figure 4.1t can be seen from the figure that the pressure
curve of the simulated calculation is basically consistent
with the measured curve, which can effectively guarantee
the accuracy of the simulated calculation.
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Sketcher

Piston shape

Piston Injector |Black strur:turel Seler:tions] Const CR]
Injector geometry parameters

MNumber of nozzle holes [-] 5

Inj. Nozzle position Z-coordinate [m] 0.00100
Nozzle diameter at hole center positions [m] |0.00350
MNozzle hole outer diameter [m] 0.00020
Mozzle hole inner diameter [m] 0.00000
Nozzle haole half outer cone angle [deg] 8.00000
Mozzle hole half inner cone angle [deg] 0.00000
Inj. Spray angle delta 1 [deg] 152.00000
™ Recessed injector

Recessed injector width [m] 0.00800
Recessed injector height [m] 0.00100

Template picture
Load template / import piston

Bowl volume [m3]

1.52476e-00 [ Display / edit characteristic points

Actual compr. ratio [-] 19.28

Figure 2. Basic structure parameter setting of fuel injector

Mesher

2D meshing parameters

2D mesh view

Set |Topology: 0; Crank angle range: [0.0 deg CA -

23.2 deg CA]

|

Iv Display start mesh [V Display end mesh

I Freeze zoom

Start mesh End mesh

Number of boundary layers [-] 2 =
Thickness of boundary layers [m] |0.00020

Local grid refinement Edit

Blow by volume Edit
Compensation volume Edit

* Average cell size [m]

oo -

" Dependent average cell size [m]

(=]
3D meshing parameters
MNumber of subdivisions in angular direction |25
Distribution factor in angular direction 1
[~ Angle of cyclic boundary layers [deg] 2
Segment angle will be 360/5 = 72 degrees
(where 5 is number of injection holes)
Bowl and injector offset Edit

4. Comparison and Analysis of Simulation
Results

4.1. Comparison of pressure in the cylinder under
three injection laws

As can be seen from FIG. 5, the average pressure curve
of the diesel cylinder under the three fuel injection laws
is roughly the same, and there is a trend of first increas-
ing and then decreasing. The maximum explosion pres-
sure is the highest when the oil is sprayed according to

Mesh statistics
Number of faces
Number of triangle faces 0

Number of boundary faces 116

Mesh statistics

676 Number of faces 676
MNumber of triangle faces 0

MNumber of boundary faces 116

Check meshes

Figure 3. Two-dimensional grid

the triangle spray law, which is 7.66MPa.The maximum
explosion pressure of trapezoidal injection law is next,
and the maximum explosion pressure is lowest in cylind-
er when the oil is sprayed according to the rectangular
injection law, which is 7.01MPa.In addition, the maxi-
mum pressure outburst points are slightly different, the
time of rectangular oil injection regular is earlier, and the
time of triangular oil injection regular is later. In general,
the highest pressure point roughly located at top dead
center (720 © CA) after 8 °© CA - 10 ° CA. The ignition
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delay period of rectangular fuel injection is the shortest
and the triangle is the longest.

— Simulation results
-~~~ Experimental results| |

Cylinder pressure/MPa

—T— T — T —T
650 700 750 800 850

Crank Angle/® CA

—
600

Figure 4. Comparison between simulated pressure and
measured pressure

cylinder pressure/Pa

T T T T
700 750 800 850

Crank Angle/° CA

T T
600 650

Figure 5. The change of pressure in cylinder with
crankshaft turning angle

Why is there a big difference in cylinder pressure? First
of all, compared with rectangle and trapezoid fuel injec-
tion law, triangle fuel injection law cases injection rate is
lower, the early stage of the jet fuel movement speed
slower, time of arrival in the cylinder wall is shorter.
There is more opportunity to use the air flow in the cy-
linder to form a more uniform mixture. The amount of
mixed gas in the cylinder is more in the later combustion,
so there will be more pressure in the combustion cham-
ber. If the fuel injection rate in the early stage is too fast,
there are more fuel entering the cylinder, and the mixed
gas in the cylinder is too thick to exceed the concentrated
combustion limit, and the mixed gas cannot be burned.
Moreover, when the mixture accumulates too much in
the cylinder during subsequent combustion and burns
together, the pressure increase rate will be too high, the
maximum combustion pressure and temperature are high,
and the work will be rough. The relationship between the
pressure in rectangular and trapezoid cylinder is also ana-
lyzed for the same reason, which is opposite to that of the
early injection rate. The relationship of fuel injection rate

in the wearly stage is as follows: rectangu-
lar>trapezoidal>triangle, the relationship between the
pressure inside the cylinder is as follows: trian-
gle>trapezoidal>rectangular.

4.2. Comparative analysis of temperature in cylinder

Through the analysis of the temperature curve in Figure 6,
it can be concluded that the average temperature in the
cylinder under the three injection laws is approximately
the same at all times, and the trend of the temperature
curve is also the same. The temperature increases firstly
and then decreases with the turning Angle of the crank-
shaft. Secondly, we can find that the average temperature
in the cylinder under the rule of triangular oil injection is
larger than the other two cases. The temperature under
the trapezoidal injection law is in the middle, while the
temperature under the rectangular injection law is the
smallest. The difference between the highest and lowest
temperatures is 134K. Finally, we can also find that the
crankshaft rotation Angle corresponding to the peak of
the average temperature in the cylinder is approximately
the same in three cases.

2200~
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800

Cylinder Temperature/K

600

400

200

T T T T
700 750 800 850

Crank Angle/° CA

550 6(‘)0 8‘50
Figure 6. Curve of temperature in cylinder changing
with crankshaft turning angle

In the triangular oil spraying rule, the highest oil spraying
rate appears in the middle of the oil spraying. The mixed
gas burned per unit time is the most, the quantity of heat
released from the working material to the combustion
chamber is more, and the temperature in the cylinder is
naturally the highest. The temperature of trapezoidal in-
jection is middle, while that of rectangular injection is
lowest.

When the temperature reached the highest in cylinder
(740 ° CA),it can be seen that there is no significant dif-
ference in temperature distribution in the cylinder under
the three conditions, as shown in figure 7. Because of the
high injection rate in the medium term, the combustion
temperature of mixed gas is higher in triangle and trape-
zoid injection than in rectangular injection law. The high-
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temperature area at the bottom of the combustion cham-

ber is the smallest under the rectangular oil injection rule.
rate1:AN_T40.0:Flow. Tempera

(a)Temperature distribution under trapezoidal oil injection
law

rate2:AN_T40.0:FloweTemperature[k]

(b)Temperature distribution under rectangular oil
injection law

rate3AN_T40.0:Flow Temperature[l]

(c)Temperature distribution under triangular oil injection
law

Figure 7. Temperature distribution in cylinder at the 740°
CAunder the three spray patterns

4.3. Comparative analysis of exothermic rate

According to the simulation results of heat release rate
in Figure 8, we found that the peak heat release rate of
rectangular oil injection law was the smallest, about
10J/deg. The maximum heat release rate of trapezoidal
injection is higher than 15J/deg. The maximum heat
release rate of triangular oil injection pattern is about

23J/deg. The crankshaft rotation Angle corresponding to
the peak exothermic rate is compared.

- a
——b

——c

Heat release rate/(J/deg)

T T T T T
760 780 800 820 840

Crank Angle/° CA

T
740

Figure 8. Change curve of exothermic rate with crankshaft
turning angle

We find that the peak time relationship of the exothermic
rate of the three oil injection patterns is as follows: rec-
tangular exothermic time is the earliest, triangle exo-
thermic time is the latest, the trapezoidal exothermic
moment is centered. The essence of heat release in diesel
cylinder is the combustion of working medium. There-
fore, the starting time of exothermic rate can reflect the
combustion time of diesel and air mixture from the side.
It can also reflect the retardation period of each case.
Through the observation we found working medium un-
der the rectangular fuel injection law first combustion,
ignition delay period is the shortest, roughly
8°CA.Mixture began burning time at the latest under the
triangle fuel injection law, ignition delay period is the
longest, roughly 12°CA.

4.4. Comparative analysis of cumulative heat release

In the physical sense, the cumulative heat release can be
the sum of the heat release from the beginning of com-
bustion of the mixture, that is, from the beginning of heat
release to the turning Angle of the crankshaft at any posi-
tion. It can be seen from figure 9 that the total amount of
heat released from the beginning of combustion to the
end of combustion is basically the same under the three
fuel injection laws. This is because the amount of circu-
lating oil is the same in all three cases.

The hysteretic burning period determines the starting
point of exothermic heating, so it can be seen from the
above analysis that the exothermic starting point of rec-
tangle is earlier than trapezoid and trapezoid is earlier
than triangle. The triangular fuel injection rule does not
start burning until the piston reaches the upper stop point.
At this point, the fuel quantity in the cylinder is more
than that in the other two cases. The mixed gas burns
together when the combustion condition is reached, the
cumulative heat release rate is higher.
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Figure 9. Cumulative heat release curve with crankshaft
turning angle

The triangular oil spraying rule has the higher oil spray-
ing rate in the middle of oil spraying, which accelerates
spreading combustion and prevents the decrease of ther-
mal efficiency. The mixing gas in the cylinder is suffi-
cient and the combustion is complete in this period. At
the later stage, the cumulative heat release rate will be
flat due to the decrease of oil injection rate. The injection
rate has not started to decrease before the end of the in-
jection in the case of rectangle and trapezoid. At this
point, the oxygen in the cylinder is not sufficient because
the mixture is burned before, and the exhaust gas from
the mixture is stored in the cylinder all the time. The fuel
injected into the cylinder cannot be fully burnt. The rate
of fuel injection in the middle and later stages of oil in-
jection has started to decrease under the rule of triangular
oil injection, which reduces the incomplete combustion
of the above mixture gas, so its cumulative heat release is
the highest. The trapezoidal injection pattern also reduces
the incomplete combustion of mixed gas due to the de-
crease of the later injection rate. So we get the relation-
ship between the cumulative heat release under the three
fuel injection laws as follows: triangle > trapezoid > rec-
tangle.

4.5. Comparative analysis of NOx emission

Through simulation calculation, the relationship between
the mass fraction produced by nitrogen oxides and the
turning Angle of crankshaft is obtained, as shown in fig-
ure 10.

As can be seen from figure 10, NOX is the first to be gen-
erated under the rectangular oil spraying rule, but the
total NOx emission is the least. NOx is produced at the
latest in triangular oil injection pattern, but the total NOx
emissions are the highest. We already know the relation-
ship between the size of the retardation period of the
three fuel injection patterns, rectangle < trapezoid > tri-
angle.

0.00040 -

0.00035 -

0.00030 -

0.00025 -

0.00020 -

0.00015 o

——b

NOx mass fraction

0.00010 o

—C

0.00005 -

0.00000 -

-0.00005

T T T T T
760 780 800 820 840

Crank Angle/° CA

T T
700 720 740

Figure 10. Curve of mean mass fraction of NOx with
crankshaft turning angle

In the case of rectangular oil injection rule, the mixture in
the cylinder is the first to burn, and the temperature in the
cylinder is the first to rise, so NOx is the first to be gen-
erated. Because of the large accumulation and combus-
tion of mixed gas in the process of oil injection under the
rule of triangular oil injection, the average temperature
peak in the cylinder is the highest, and more NOx is gen-
erated than other two cases. Similarly, in the case of rec-
tangle, the average temperature in the cylinder is lower,
and the NOx generated is not as much as triangle and
trapezoid.

The formation mechanism of NOx requires high tem-
perature, sufficient oxygen and sufficient reaction time.
The distribution of temperature and NOx in the cylinder
at different times is analyzed with rectangular oil injec-
tion rule as an example, as shown in the Table 2. Firstly,
NOx is formed in the local high temperature region. As
time and temperature increased, NOx production gradu-
ally increased.

4.6. Comparative analysis of soot emission

It is not hard to see from Figure 11 that the total amount
of carbon smoke in the cylinder keeps increasing first,
then decreasing, and finally tends to be stable under the
three oil injection regular curves. In terms of emissions,
the triangular fuel injection pattern produced the lowest
carbon emissions, followed by trapezoids, and rectangu-
lar emit the most carbon smoke. The maximum carbon
smoke emission in the cylinder corresponds to the same
time under the three curves. The triangular oil spraying
rule has a high fuel injection rate, high fuel pressure and
good atomization in the middle period of oil spraying.
Therefore, the better mixture can be formed under the
rule of triangular oil injection and the combustion is more
complete, the carbon smoke generated is naturally less
than the rectangle and trapezoid. The rectangular fuel
injection rate is not as good as the other two. The mixture
is formed poorly, the combustion is not sufficient, and
the carbon smoke is the most. The distribution of carbon
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smoke under the three oil spraying laws is shown in Fig-

Table 2. Temperature distribution and NOx generation distribution in the cylinder at each time under rectangular oil injection

urel2.

rule

Temperature field

rate2:AN_721.0:Flow:
721°CA

rate2:AN_7 22.0:F low:
722°CA

rate2:AN_7 23.0:Flow:
723°CA

rate2 AN_7 24.0:Flow:
724°CA

Distribution map generated by NOx

rate2:AN_721.0:Emissi

rate2:AN_722.0:Emissi

rate2.AN_723.0:Emissi
0.00054

rate2:AN_T24.0:Emissi
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Figure 11. Curves of average soot mass fraction with the

crank shaft angle

rate1:AN_T32.0:Emission:Soot_Mass_Fraction[
00 0458631

(b) rectangular

rate3:AM_Y 32.0:Emission:Soot Mass_F
0.002365 2

0.0021285
—— 0.001892

(c) triangle

Figure 12. Carbon smoke distribution in 732°CA under

three kinds of fuel injection law

There is a contradiction between carbon smoke and NOx
emission in diesel engine. Since the elimination of carbon
smoke requires complete combustion, the temperature in
the cylinder will increase, and the emission of nitrogen
oxides will increase. The measure to reduce NOx emis-
sion is to reduce oxygen or temperature, which will in-
crease the emission of carbon smoke. This is the famous
"trade-off" relationship of diesel emissions[1]. Therefore,
for the triangle oil spraying rule, the NOx emission is
high, which means the carbon emission is low. Most of
the carbon smoke will be burned in the subsequent
process of combustion, so the curve of the carbon smoke
mass fraction will first increase, then decrease, and final-
ly flatten out.

4.7. Comparative analysis of CO emission

As can be seen from Figure 13, the final amount of CO
emissions is roughly the same in the three cases, and the
generation of CO in the cylinder also presents the trend
of first increasing and then decreasing. Only the rectan-
gular spray pattern is a bit different, during which there
are two peaks. The production time of CO is roughly the
same as that of NOx. The production time of rectangular
oil injection is earlier than triangle oil injection, trapezoid
oil injection is in the middle.

0.045
0.040

0.035

0.030

0.025 - — b

—— |

0.020

0.015

0.010

CO mass fraction)

0.005

0.000

-0.005 T T T T T T T
700 720 740 760 780 800 820 840

Crank Angle/° CA

Figure 13. Change curve of CO mass fraction with
crankshaft turning angle

CO was first generated because the early oil injection rate
was too fast, the mixed gas in the cylinder was thicker
and the combustion was incomplete in the case of rectan-
gular oil injection rule. In the medium term, CO was fur-
ther oxidized to CO2 because of the high temperature in
the cylinder, and the quality fraction of CO decreased.
After the end of the injection due to poor airflow move-
ment caused by local hypoxia.CO was generated at the
bottom and wall of the combustion chamber, and CO
mass fraction increases briefly. After the second peak, it
was further oxidized, and the amount of CO decreased
and finally remained unchanged. The pressure in the cy-
linder is higher because of the large amount of mixed gas,
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and the work is rough. The mixed gas cannot be com-
pletely burnt in a short time. At the later stage of com-
bustion, the fuel spray rate is low, and the fuel spray
pressure is low, which leads to poor atomization of fuel
and incomplete combustion of mixed gas, leading to the
highest amount of CO produced.

5. Conclusion

For the triangle spray pattern, because of the slow rate of
fuel injection in the early stage, the pressure of fuel injec-
tion is small, the diameter of fuel particles is large, the
atomization is poor, and the delayed combustion period
is the longest. In addition, the maximum pressure of
combustion in the cylinder is the highest, the pressure
increase ratio is too high, resulting in rough work. During
medium combustion, the air flow in the cylinder moves
well, which makes the mixture more uniform, higher heat
release rate and accumulated heat release, higher temper-
ature in the cylinder, more NOx generation than other
cases, and less carbon smoke generation. In the later
stage, more CO was generated due to local hypoxia in the
cylinder.

The rate of rectangular oil injection is always the same.
In the medium term, the fuel injection rate is lower than
the other two cases, the mixed gas is less, the pressure
and temperature are lower, the cumulative heat release is
lower, the NOx emission is less, the carbon smoke emis-
sion is more, and the CO emission is less.

All the parameters are in the middle position in the trape-
zoidal injection rule, the temperature and pressure in the
cylinder are moderate, the combustion and heat release
rate are good, and the comprehensive discharge perfor-
mance is better than other conditions.
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