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Abstract: To study the influence of injection time and injection volume on the working process of a
two-stroke kerosene direct injection engine, an experimental study was carried out on an improved
two-stroke inline three-cylinder gasoline engine, combined with calculations and analysis with GT-
POWER and AVL FIRE software. The results showed that when the injection end angle increased
from 50° to 70° before the top dead center (BTDC), the average pressure and temperature in the
cylinder increased rapidly, the peak value of pressure and temperature and the cumulative heat
release increased, and the combustion process in the cylinder was more sufficient. The fuel injection
volume was set to 7.5 mg, 8 mg, and 8.5 mg. With increasing fuel injection volume, the average
pressure and average temperature first increased and then decreased, the peak value gradually
increased, the heat release rate and cumulative heat release increased sharply, the corresponding time
gradually advanced, and the peak value gradually increased. With increasing fuel injection volume,
CO, NO, and soot gradually increased, while CO, slightly decreased.

Keywords: two-stroke kerosene; direct injection engine; injection time; fuel injection volume;
combustion; discharge; GT-POWER; AVL FIRE

1. Introduction

Kerosene fuel is widely used as a power source in the aviation field, for example,
in small UAVs and special vehicles for the military [1,2]. Kerosene fuel has a high flash
point, does not readily evaporate, and is relatively safe to use. However, compared with
gasoline, when kerosene is used to replace traditional fuel for power, the combustion char-
acteristics can vary greatly [3,4]. The structure and control parameters of an engine, such
as injection time, injection volume, and intake air temperature, have an important impact
on the combustion of kerosene fuel and the generation of emissions [5-7]. The injection
time has a strong influence on the performance of two-stroke kerosene direct injection
engines [8,9]. Some scientific research institutes have conducted numerical simulation re-
search on injection time and injection volume through the three-dimensional computational
fluid dynamics (CFD) numerical simulation tool AVL FIRE. For example, Gu et al. [10], from
the Institute of Internal Combustion Engines of Tianjin University, carried out a numerical
simulation of a two-stroke direct injection gasoline engine, and the effect of injection time
on the mixture concentration distribution in the cylinder of this engine was analyzed. Jiang
et al. [11], from Nanchang University, researched the concentration field distribution in the
cylinder, and the variation trend of the mixture distribution with different injection times
was obtained. Wei [12], from Jilin University, established a three-dimensional numerical
simulation method, geometric model, computational grid, and combustion model of the
EA888 engine. The effects of different fuel injection volumes on the amount of soot in the
cylinder of the engine were researched [12].
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In summary, at present, little research has been performed on the combustion and
emission characteristics of two-stroke direct kerosene injection engines under different
injection volumes at home and abroad; therefore, it is necessary to further study the effect
of fuel injection volume on the combustion and emission of two-stroke kerosene direct
injection engines.

2. Numerical Modeling of the Cylinder Working Process of a Two-Stroke Kerosene
Direct Injection Engine

First, combined with the structural characteristics of a two-stroke kerosene engine, a
simulation model of the working process in a cylinder is established.

2.1. Ignition and Combustion Model

The cylinder working process of the two-stroke kerosene direct injection engine be-
longs to the spark ignition premixed turbulent combustion mode [13]. The coherent flame
model is selected in the simulation process [14], and the equation is listed as follows:
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where X is the flame surface density, v; is the kinematic viscosity, K is the average elongation,
Si. is the flame velocity, a; and f; are harmonic constants, pg is the gas density, and yg is
the fuel mass fraction.

The extended coherent flame mode (ECFM) is a combustion model derived from an
extension of the relevant flame model, selecting the ECFM model [15].

The two-step chemical reaction mechanism in ECFM is expressed as follows:

CuHuO, + (n n % - g)oz — nCO, +%HZO 3)
CHnOy +(g - g)oz 5 nCO + %Hz @)

where m, n, and g are the numbers of carbon, hydrogen, and oxygen atoms in a fuel,
respectively.

2.2. Nitrogen Oxide and Soot Models
2.2.1. Nitrogen Oxide Generation Model

The reaction mechanism of NOx can be expressed as the chemical reaction shown in
Table 1.

Table 1. Mechanism of thermal nitrogen oxides.

. . . Positive Reaction Rate Reverse Reaction Rate
Chemical Reaction Equation
Constant Constant
No+0 <+ NO+N kpq = 1.8 x 108 38370/T ky1 = 3.8 x 107e=425/T
N+0, & NO+0 kpp = 1.8 x 104Te4680/T k;» = 3.81 x 103Te~20820/T
N+OH + NO+H kpa=7.1x107e450/T ky3 = 1.7 x 108¢~24560/T

The net yield of nitrogen oxides can be expressed as

0 0 r
Ly Y — o (B9E) = kY - B <vpSi O
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2.2.2. Soot Generation Model

According to the two-step empirical model proposed by Hiroyasu et al., the soot
concentration in the exhaust gas emitted by an engine is the result of the comprehensive
interaction of the generation rates dMg,,,, /dt and dM,yq/ dt:

d Moot . deorm AMoyid

at— at  dt ©)
M

df;rm = My = K¢Mpy @)

dMoxid _ _ 6MWC
T = Mso = Psds MSllJT (8)
The Arrhenius expression is used for the reaction rates of formation and oxidation, as

follows:

K = AgP*%exp(—Ef/RT) ©)
K, = AoP8exp(—E,/RT) (10)

where Ay is the prefactor, My is the fuel vapor quality, P is the pressure, E; is the activation
energy, My, is the carbon molecular weight, ps is the soot density, ds is the average soot
particle diameter, Mg is the soot quality, and 7 is the surface reaction rate.

2.3. Numerical Calculation Method

The AVL FIRE software (V2013.2, AVL List GmbH, Austria, 2013) was used for simula-
tion calculation, and the calculation process is shown in Figure 1.

Establish relevant
governing equations

Determine initial and boundary
conditions

l

‘ Simulation grid ‘

Generate
calculation nodes

Establish discrete
. R —
equation

Discrete initial and boundary
conditions

Given corresponding solution
control parameters

Solve discrete
equation

NO
Convergence
Output calculation
results

Figure 1. Calculation flowchart of AVL FIRE.




Processes 2022, 10, 1728

40f18

3. Test Equipment
3.1. Combustion System

The engine used in this paper is based on a two-stroke inline three-cylinder intake
port injection gasoline engine, in which the shape of the combustion chamber changes from
a symmetrical basin to an offset deep pit bathtub. The direct injection nozzle adopts an air-
assisted atomizer provided by the Australian Orbital company, as shown in Figure 2. Due
to the difficulty in the atomization of heavy oil fuel relative to gasoline and the poor cold
start performance, the low-pressure air-assisted fuel injection technology is adopted in the
process of the direct injection modification of the prototype machine. The fuel atomization
particles are small, and the spray characteristics are good. The average Souter diameter
is about 5-8 pm. Table 2 is the comparison of physical and chemical properties between
3# aviation kerosene and gasoline. The basic parameters of the engine before and after

modification are shown in Table 3.

Table 2. Physicochemical properties of gasoline and 3 # aviation kerosene.

Physicochemical Properties Gasoline 3# Saviation Kerosene
Composition C5~C11 C7~C16
Molecular weight 114 141
Liquid density (kg/L) 0.70~0.75 0.73~0.82
Solidifying point (°C) —80 —60
Boiling point (°C) 25~220 147~230
Self-ignition temperature (°C) 220~250 275
Flashpoint (°C) —45 35~51
Ignition concentration limit (vol%) 1.4~7.6 0.71~5.19
Theoretical air-fuel ratio 14.82 14.65
Latent heat of vaporization (kJ/kg) 310~350 353~361
Lower calorific value (k] /kg) 44,000 43,350
Heat value of mixture (kJ/kmol) 84,467 84,423

Table 3. Comparison of the main parameters of the engine before and after direct injection transfor-

mation.
Parameter Name Before Modification After Modification
Cylinder bore (mm) 76 76
Stroke (mm) 69 69
Displacement (cm?) 939 939
Combustion chamber Basin shape Offset tub
Fuel Gasoline Kerosene
Actual compression ratio 5.7 5.6
Crankcase compression ratio 1.45 1.45

Scavenging mode
Ignition mode
Lubrication method

Dual-spark plug ignition
Separation lubrication

Reflux scavenging Reflux scavenging
Dual-spark plug ignition

Separation lubrication

(a) Direct injection nozzle

(b) Direct injection cylinder head

Figure 2. Photographs of the direct injection nozzle and direct injection cylinder head.
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3.2. Experimental Prototype

An air-assisted injection was adopted, and the block diagram of the test bench for the
direct injection of kerosene in the cylinder is shown in Figure 3. Figure 4 is a photograph of
the experimental prototype. Figure 5 shows the oil/air pressure difference regulation test
system. Figure 6 is the control software interface used during the test; the control software
monitors the parameters of the engine in real time.
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Figure 4. Photograph of the experimental prototype.
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Figure 5. Differential pressure regulation system.
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Figure 6. Control software interface.

3.3. Validation of Numerical Calculation Model

In order to verify the validity of the three-dimensional combustion numerical model
of the two-stroke kerosene direct injection engine established in this paper, the numerical
simulation results of the in-cylinder pressure of the working cycle were compared with
the in-cylinder pressure signal curve obtained from the bench test at the engine speed of
3000 r/min and 16% load condition. The results are shown in Figure 7.

25r

- - - - Experimental data
—— Simulation result

Average pressure/MPa

280 300 320 340 360

Crankshaft angle/(°CA)

380 400 420 440

Figure 7. Comparison of numerical simulation results with experimental results.

It can be seen in Figure 7 that the in-cylinder pressure curve in the numerical simulation
results is basically consistent with the in-cylinder pressure data obtained from the bench
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test, which verifies the established three-dimensional combustion numerical model and
calculation method of the two-stroke kerosene direct injection engine; thus, the method is
suitable for the numerical simulation of the combustion process of the engine.

4. Effect of Injection Time on Combustion and Emission
4.1. Effect of Injection End Angle on Combustion Characteristics

The speed was set to 3000 r/min, the load was set to 16%, the ignition advance angle
was set to 30° before the top dead center (BTDC), the ignition energy was set to 30 mJ, and
the fuel injection volume was set to 8.5 mg. The variation in the engine during the cylinder
working process when the injection end angle was set to 50°-70° BTDC was calculated.

Figure 8 shows the average pressure results in the cylinder with different injection end
angles. Within 335 crankshaft angle (°CA)~350 °CA, the average pressure in the cylinder
rapidly increased. When the injection end angle changed from 50° to 70° BTDC, the time
of the rapid increase in the cylinder pressure was slightly delayed, but the pressure peak
showed a gradually increasing trend.

25¢
& 20f
E % '
£ q1sf 1
i
1 [ u
8 10t it ]
|
& 47 —4— Injection end angle50°BTCA
g o5} 4 —=— Injection end angleG0°BTCA
< ke —=a— Injection end angle70°BTCA
0.0

3;30 31:10 Sé[) Séo 3%0 350 3;30
Crankshaft angle/ (°CA)

Figure 8. Average pressure in the cylinder at different injection end angles.

Figure 9 shows the simulation results of the heat release rate at different injection end
angles. Within the range of 335 °CA~350 °CA, the average temperature rapidly rose. When
the injection end angle changed from 50° to 70° BTDC, the temperature peak gradually
increased.

2100 -
¥ 1800}
g
2 1500
A
a
g 1200} ‘ ‘f
=1 f F-‘
& 900t L4 —4— Injection end angle50°BTCA
g Uy + Injection end angleG0°BTCA
2 600 | & —=— Injection end angle70°BTCA

%1
P
300 1 1 1 1 1 1
330 340 350 360 370 380

Crankshaft angle/("CA)

Figure 9. Average temperature in the cylinder at different injection end angles.

Figure 10 shows the simulation results of the heat release rate at different injection end
angles. Figure 11 shows the simulation results of the cumulative heat release corresponding
to different injection end angles. With increasing injection end angle, the peak value of the
heat release rate gradually increased. The cumulative heat release also showed a trend of
gradual increase.
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Figure 10. Heat release rate at different injection end angles.
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Figure 11. Cumulative heat release at different injection end angles.

4.2. Effect of Injection End Angle on Temperature Field Distribution

The AVL FIRE software was used to study the combustion of the mixture in the
cylinder and the generation process of the emissions of the two-stroke kerosene direct
injection engine with variable ignition parameters. Figure 12 shows that, when the injection
end angle was 50° BTDC, 60° BTDC, and 70° BTDC, the temperature field distribution in
the cylinder corresponded to crankshaft angles of 345 °CA, 350 °CA, 355 °CA, and 360 °CA.

It can be seen in Figure 12a that when the injection end angle was 50° BTDC, and the
piston rose to the crankshaft angle of 345 °CA, a large high-temperature area appeared in
the cylinder, the front of the flame was large, and there was a temperature stratification
between the combustible and unburned zones. Then, the piston rose to 350 °CA, and the
range of the high-temperature area gradually broadened.

When the injection end angle was 60° BTDC, and the piston rose to the crankshaft
angle of 345 °CA, a large high-temperature area appeared in the cylinder. However, when
the injection end angle was 50° BTDC, the area and temperature of this fraction are reduced.
When the piston moved up to the crankshaft angles of 350 °CA and 355 °CA, a large
high-temperature burned zone gradually appeared in the cylinder. Compared with the
injection end angle of 50° BTDC, the burned area in the cylinder slightly increased, the
temperature distribution in the high-temperature area was more uniform, and the range of
the unburned area was gradually reduced. When the piston continued to move upward
and reached the top dead center at 360 °CA, the high-temperature area in the cylinder
became larger, and the combustion temperature was significantly higher than the cylinder
temperature when the injection end angle was 50° BTDC.

As the injection end angle continued to increase to 70° BTDC, the effect of the injection
end angle increasing became more obvious. Although the high-temperature area in the
cylinder at the crankshaft angle of 345 °CA was relatively small, the high-temperature area
after the crankshaft angle of 350 °CA showed a gradually increasing trend, the temperature
distribution in the high-temperature area was more uniform, and the range of the unburned
area gradually reduced.
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50° BTDC 60° BTDC 70° BTDC

(a) For a crankshaft angle of 345 °CA, the temperature field distributions corresponding to injection end angles of 50°

BTDC, 60° BTDC, and 70° BTDC.

50° BTDC 60° BTDC 70° BTDC

(b) For a crankshaft angle of 350 °CA, the temperature field distributions corresponding to injection end angles of 50°
BTDC, 60° BTDC, and 70° BTDC.

50° BTDC 60° BTDC 70° BTDC

(c) For a crankshaft angle of 355 °CA, the temperature field distributions corresponding to injection end angles of 50°
BTDC, 60° BTDC, and 70° BTDC.

50° BTDC 60° BTDC 70° BTDC

(d) For a crankshaft angle of 360 °CA, the temperature field distributions corresponding to injection end angles of 50°
BTDC, 60° BTDC, and 70° BTDC.

Figure 12. Temperature field distributions corresponding to different injection end angles.
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In summary, as the injection end angle gradually increased from 50° BTDC to 70°
BTDC, the combustion process in the whole cylinder became more extensive after the
piston rose to 350 °CA; when the combustion was nearly completed, the burned area in the
cylinder was the largest.

4.3. Effect of the Injection End Angle on the Concentration of Each Emission Component

Figures 13 and 14 show the trends of CO and CO, in the cylinder within the range of
325~385 °CA, respectively; Figures 15 and 16 show the trends of NO and soot, respectively.
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Figure 13. CO curves corresponding to different injection end angles.

16
L ]
= 1 MM’“
~
12+
g :
o 10F ATF
8 i)
& gl £
g o
= [ |/ —a— Injection end angle50°BTCA
o' al 2, —+— Injection end angle60°BTCA
Q J.J —=— Injection end angle70°BTCA
2} L
0 .._..All!h. 1 1 1 L 1
330 340 350 360 370 380
Crankshaft angle/("CA)

Figure 14. CO; curves corresponding to different injection end angles.

5r-
¥ 4t
S~ ..."
g .“"' h“‘:n +!
B 3t Ay - W
& l4 aliftee,
gz (4] ity
= | / J —a— Injection end angle50°BTCA
O 1k I x +— Injection end angleG0°BTCA
z W —a— Injection end angle70°BTCA
L
0 J.:‘;‘:I.::l'" L L I L I
330 34 350 360 370 380
Crankshaft angle/("CA)

Figure 15. NO curves corresponding to different injection end angles.
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Figure 16. Soot curves corresponding to different injection end angles.

Figures 17-20 show the concentration data of each emission component when the
exhaust port was opened. When the injection end angle changed from 50° to 70° BTDC,
CO and soot gradually decreased, and CO, and NO gradually increased.
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Figure 17. CO data corresponding to different injection end angles.
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Figure 18. NO data corresponding to different injection end angles.
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CO, Mass fraction/%

50 60 70
Injection end angle/ (°BTDC)

Figure 19. CO, data corresponding to different injection end angles.

25

Soot Mass fraction/ (X 10%)

50 60 70
Injection end angle/ ("BTDC)

Figure 20. Soot data corresponding to different injection end angles.

Through research on the influence of the injection end angle on the combustion
characteristics, temperature field distribution, and emission component concentration, it
can be seen that of the three injection end angles 50° BTDC, 60° BTDC, and 70° BTDC, 70°
BTDC yields the best cylinder combustion and the lowest CO and soot emissions.

5. Effect of Fuel Injection Volume on Combustion and Emission

With the rotating speed set to 3000 r/min, the load set to 16%, the ignition advance
angle set to 30° BTDC, the ignition energy set to 30 mJ, and the injection end angle set to
50° BTDC, the trend of the engine during the cylinder working process when the injection
amount was 7.5-8.5 mg was calculated.

5.1. Effect of Fuel Injection Volume on Combustion Characteristics in a Cylinder

Figure 21 shows the simulation results of the average pressure in the cylinder when
the injection volume was 7.5 mg, 8 mg, and 8.5 mg. As seen in Figure 21, when the injection
volume was 7.5 mg, 8 mg, and 8.5 mg, the average in-cylinder pressure rapidly increased,
and with increasing injection volume, the rapid increase occurred earlier, and the pressure
peak value was larger.
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Figure 21. Average pressure in the cylinder with different injection volumes.

Figure 22 shows the simulation results of the average in-cylinder temperature at
7.5 mg, 8 mg, and 8.5 mg fuel injections. As seen in Figure 22, the average in-cylinder
temperature sharply increased in the range from 345 °CA to 360 °CA at all times, and the
time when the temperature rapidly rose was at an advanced stage during the course of the

gradual change in the injection volume from 7.5 mg to 8.5 mg.
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Figure 22. Average temperatures of different fuel injection volumes.

Figures 23 and 24 show the simulation results of the heat release rate and cumulative

heat release, respectively, for the three different injection volumes.
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Figure 23. Heat release rate of different fuel injection volumes.
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Figure 24. Cumulative heat release of different fuel injection volumes.

As seen in Figures 23 and 24, both the simulation results of the heat release rate and
the accumulated heat release showed a gradually increasing trend during the process of
fuel injection volume changing from 7.5 mg to 8.5 mg, and the corresponding time of peak
and the rapid increase stages of the heat release rate and the accumulated heat release were
gradually advanced.

5.2. Effect of the Fuel Injection Volume on the Concentration of Each Emission Component

Figures 25 and 26 show the trends of CO and CO; in the cylinder in the range of
325~385 °CA, respectively. Figures 27 and 28 show the corresponding trends of NO and
soot, respectively.
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Figure 25. CO curves corresponding to different fuel injection volumes.
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Figure 26. CO; curves corresponding to different fuel injection volumes.
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Figure 27. NO curves corresponding to different fuel injection volumes.
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Figure 28. Soot curves corresponding to different fuel injection volumes.

Figures 29-32 show the simulation data of the concentration of each emission com-
ponent when the exhaust port was opened. It is obvious that the concentration of each
component changed with the amount of fuel injected: As the injection volume gradually
increased from 7.5 mg to 8.5 mg, the mass fractions of CO, NO, and soot all showed a
gradually increasing trend, with a slightly reduced CO, mass fraction.
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Figure 29. CO data corresponding to different injection volumes.
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Figure 30. CO, data corresponding to different injection volumes.
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Figure 31. NO data corresponding to different injection volumes.
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Figure 32. Soot data corresponding to different injection volumes.

The influence of the injection volume on the combustion characteristics, temperature
field distribution, and concentration of exhaust components were observed as follows: Of
the three injections of 7.5 mg, 8 mg, and 8.5 mg, the CO, NO, and soot emissions were the
lowest at 7.5 mg. According to the emission data, when the exhaust port was open, the
mass fractions of CO decreased by 32.0% and 43.0%, the mass fractions of NO decreased by
70.9% and 81.7%, and the mass fractions of soot decreased by 13.1% and 19.6%, compared
with those at 8 mg and 8.5 mg, respectively.

6. Conclusions

In this study, an engine was simulated using GT-POWER and AVL FIRE software. The
engine speed was set at 3000 r/min, the load was set at 16%, and the ignition advance angle
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was set at 30° BTDC. The effects of injection time and volume on engine combustion were
analyzed. The conclusions are as follows:

(1) The injection volume was set at 8.5 mg, and the injection end angle was set at 50-70°
BTDC.

@ When the injection end angle gradually increased from 50 to 70° BTDC, the av-
erage pressure and temperature rapidly increased in the course of 335 °CA~350
°CA, while the peak pressure, temperature, and accumulated heat release grad-
ually increased. After the piston reached 350 °CA, the combustion in the
cylinder advanced more toward completion, and the area of the combustible
zone in the cylinder was the largest near the completion of combustion.

@ The mass fraction of CO and soot decreased when the injection end angle
increased from 50° to 70° BTDC. The mass fractions of CO, and NO slightly
increased, and CO and soot emissions were minimized at an injection end
angle of 70° BTDC.

(2) The injection end angle was set to 50° BTDC, and the injection volume was set to
7.5mg, 8 mg, and 8.5 mg.

@ With a gradual increase in injection volume, the average pressure and tem-
perature in the cylinder first increased and then decreased; these parameters
rapidly increased at 345~360 °CA and gradually increased at peak value. When
the fuel injection volume changed from 7.5 mg to 8.5 mg, the corresponding
moment when the heat release rate and the accumulated heat release sharply
increased was advanced, the peak value gradually increased, and the combus-
tion advanced more toward completion.

@ As the injection volume increased, the quantities of CO, NO, and soot gradually
increased, and that of CO; slightly decreased.

(3) For a two-stroke kerosene direct injection engine, it is recommended to set the injection
end angle to 50° BTDC and the fuel injection quantity to 7.5 mg considering the effects
on pollutant emissions and combustion.
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