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Abstract: In order to explore the combustion performance of a non-road air-cooled two-cylinder turbocharged
diesel engine, an experiment on the effects of engine compression ratio, combustion chamber shape and
injection timing were systematically conducted in this study. Moreover, the effects of intake air conditions on
combustion performance were numerically investigated using the one-dimensional simulation platform. The
findings of this study could help provide new insights for promoting the sustainable development of diesel
engines used in generator sets. The results show that the increase of intake air temperature can delay the
combustion center of gravity, and improve the combustion performance and the sustainability of diesel
engines. The decrease of intake air pressure will lead to a reduction in oxygen amount during the combustion
process, thus causing a deterioration of cylinder pressure and combustion performance. By modifying the
combustion chamber, the ignition delay and combustion duration are each extended by 1.6 degrees and 4.2
degrees under 100% engine load. The ignition delay and combustion duration are not obviously affected by
modifying the combustion chamber shape under 25% and 50% loads. By increasing the compression ratio from
19.5 to 20.5, the ignition delay and combustion duration are shortened, which could enhance the cylinder
pressure and heat release rate. However, reducing the compression ratio from 19.5 to 18.5 could significantly
decrease the heat release rate. Under middle and low loads, combustion duration is less affected by injection
timing. Under 100% load, the peak cylinder pressure increases to 11.4 MPa, and the ignition delay is shortened
by advancing injection timing from -17°CA to -20°CA.

Keywords: combustion performance; diesel engine; intake air; combustion chamber shape;
compression ratio; injection timing

1. Introduction

With the urgent need for energy conservation and emission reduction, improved performance
of internal combustion engines becomes increasingly important. Due to the benefits of fuel
consumption and thermal efficiency, small diesel engines are widely used worldwide in the non-road
mobile machinery markets, especially household generators 2], In addition, in the past decade, diesel
generator sets, as a backup power supply source for hospitals, research institutes, signal towers and
other facilities *-°1, have been developing in the direction of green and high-end, increasingly
abundant fuels, such as ammonial® and methanol”), are added to diesel to reduce emissions, so
optimizing the combustion performance of diesel engines for generation sets is necessary.

In recent years, some scholars have studied the combustion performance of diesel engines
according to combustion characteristic parameters. Ding et al. 1l conducted experimental research
with a marine direct-injection diesel engine, providing a basis for engine combustion modeling. Saad
et al. ¥ used a wave model to investigate the effects of air-injection technology to improve turbo
transient response from a heavy-duty diesel engine. Carlucci et al. 'l stated that compression and
air-fuel ratios are important parameters affecting engine combustion performance, output power and
specific fuel consumption. Taghavifar et al. 'l evaluated the performance of a turbocharged diesel
engine under different compressor pressure ratios. It indicated that increasing the compressor

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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pressure ratio could significantly improve engine efficiency and reduce fuel consumption. Liu et al.
2 studied the influence of pressure ratio and temperature ratio on the thermal efficiency and exergy
efficiency of marine diesel engines. It was found that at a constant temperature ratio, the thermal
efficiency first increases by increasing the pressure ratio, then decreases with the further growth of
pressure ratio. Besides, the combustion chamber shape could directly affect the diesel engine's
combustion performance. Annamalai et al. [® transformed the hemispherical combustion chamber
into a ring combustion chamber, effectively improving combustion performance. Singh et al. [ found
that the in-cylinder temperature could improve as the compression ratio increases from 15 to 18.
Moreover, appropriate injection timing is a key parameter to increase the maximum convection flow
by about 15%. Menacer et al. ¥l found that the convection heat transfer characteristics could be greatly
affected by the injection timing in a 6-cylinder turbocharged diesel engine. Liu et al. [él found that by
advancing injection timing from -1.6 °CA to -6.7 °CA in a turbocharged diesel engine, the exergy
efficiency and heat transfer exergy could increase significantly. Pehlivan et al. [l found that at full
load, a change in injection timing from -4°CA to 2°CA resulted in a reduction in exergy efficiency
from 43.45% to 41.36%. In addition, an increase in scavenging inlet temperature from 300K to 340K
results in a decrease in exergy efficiency from 42.83% to 41.44%. Li et al. [8] conducted experiments
on a six-cylinder turbocharged diesel engine and found that optimizing injection timing and pressure
could reduce the vibration and improve the stability of the diesel engine.

Based on the findings above, it was proved that the power and combustion performance of
heavy-duty turbocharged diesel engines are strong and can be further improved. However, due to
relatively high noise and low economy, few applications in the field of generators [1%21. Especially for
small generator sets, in order to meet the demand of fuel economy, the selected type is usually single-
cylinder and two-cylinder diesel engines. Many studies have been conducted regarding improving
the overall efficiency of a small diesel engine in academia.

Wu et al. 211 designed a variable cross-section dual-channel chamber and optimized the swirl
rate, fuel consumption rate, and emission performance in a single-cylinder diesel engine. Singh et al.
21 conducted experiments on a two-cylinder diesel engine to explore the feasibility of low-
temperature combustion, where the combustion phasing is an important parameter in the
combustion process. Ni et al. %l conducted an external characteristic experiment on a two-cylinder
diesel engine, and found that Brake Specific Fuel Consumption (BSFC) could be significantly reduced
by about 6% by improving the combustion chamber. It is found that properly reducing the nozzle tip
and increasing the nozzle aperture could reduce fuel consumption and smoke emissions. Ju et al. 24l
used a two-cylinder diesel engine for small power generation and found that under 100% load,
appropriate advance injection time can reduce BSFC by 1.84% and increase power by 1.88%. In order
to understand the effect of intake air temperature on diesel engine performance and emissions, Pan
et al. »l conducted an experiment on a six-cylinder supercharged and intercooled diesel engine. The
results show that the decrease of inlet air temperature will prolong the ignition delay time, lead to
the delay of combustion time and the decrease of cylinder peak pressure. Lee et al. [0l found that the
in-cylinder temperature and brake thermal efficiency decreased with the increase of intake pressure
during the operation of dual-fuel diesel engines. Several novel findings to improve diesel engine
performance were also provided by numerical research. Recently, Silva et al. [/l optimized the
structure of the intake manifold based on the one-dimensional GT-POWER simulation platform.
According to the change law of the volumetric efficiency curve of the intake manifold, the variable
collection structure of the intake manifold is proposed, which provides a reliable scheme for
improving the volumetric efficiency and torque of the engine and reducing the braking fuel
consumption. Bogdanowicz et al. ! simulated two fuel injection modes in a constant volume
combustion chamber. It was found that proper peripheral fuel injection reduced heat loss and
increased heat release rate compared to conventional diesel combustion. Moreover, air-cooled has
been an important cooling method for small diesel engines due to the major benefits of simple
structure, low cost and weight (30, However, there is a lack of research on systematically exploring
the combustion characteristics of small air-cooled diesel engines. Therefore, it is important and
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valuable to undertake a quantitative study on the combustion performance of a non-road air-cooled
two-cylinder turbocharged diesel engine.

In this paper, the combustion characteristics of a non-road air-cooled two-cylinder turbocharged
diesel engine were studied by exploring the effects of intake air conditions, combustion chamber
shape, compression ratio and fuel injection timing. The study could provide novel insights and
reliable data to effectively improve the performance of non-road small diesel engines, strengthening
the green and sustainable development of diesel engines for generation sets. The study could provide
novel insights and reliable data to effectively improve the performance of non-road small diesel
engines, strengthening the green and sustainable development of diesel engines for generation sets.
The findings of this study also have the potential to offer new insights for promoting the sustainable
development of diesel engines used in generator sets.

2. Setup and Methods

2.1. Experimental Setup

Figure 1 shows the test bench diagram for the air-cooled two-cylinder turbocharged diesel in
this study. The basic parameters of the engine can be seen in Table 1. The output end of the diesel
engine is connected to a small electric dynamometer. The dynamometer is capable of providing a
maximum speed of 3600 r/min and a maximum power of 22 kW. The JP60A turbocharger, which
compressor diameter and turbine diameter is each 33 mm and 32 mm, was used to improve the intake
condition of the diesel engine. Other main equipment parameters and sensor measurement progress
are shown in Table 2. The diesel engine is connected to the dynamometer by a cone structure of the
output shaft, which is bolted to a steel platform with a damper. The signal of cylinder pressure was
measured by the Kistler-6050A sensor with a test accuracy of +0.3% and analyzed combustion by
analyzer CA3004A21 with the measurement error is +0.5%FS. The speed signal comes from the speed
sensor, and the speed signal is the magnetoelectric signal of 60-2, the measurement error is +1 rpm.

Compressor Turbine

Air filter
Intake ——e - CHT —— Exhaust
Intercooler O= [
Combustion :
analyzer
[ ] Pressure ;
rEl sensor £
Fuel injection v v """"""""" :
pump q R
—|O
Butterfly p Rotation sensor
valve Control center
Fuel tank

Dynamometer

Air-cooled two-cylinder diesel engine

Figure 1. Schematic diagram of the test bench.

Table 1. Basic parameters of original two-cylinder diesel engine.

Brand/Model Value

Type In-line, turbocharged
Number of cylinders 2

Bore Stroke (mm) 94x77

Displacement (L) 1.069
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Compression ratio
Rated revolution (rpm)
Rated power (kW)
Maximum power (kW)

18.5
3000
14
15

d0i:10.20944/preprints202406.1359.v2

Compression clearance height (mm)1.2

Fuel supply mode Pump-tube-nozzle

Table 2. Uncertainties and specifications of sensors and instrumentations.

Sensors/Instrumentations Model Uncertainties
Oil consumption meter FN-03 +1%
Temperature sensor WRNK191 *1%
Combustion analyzer CA3004A21  +0.5%FS
Cylinder pressure sensor  Kistler-6050A  +0.3%

Speed sensor Mi16x1.5 +1 rpm

Oil pressure gauge WHM5 2%
Hygrometer SH002 1%
Dynamometer WY-AC-16 +0.1kW

2.2. Experimental Procedures and Key Parameters

The experimental object is an air-cooled two-cylinder diesel engine for power generation.
During the test, a dynamometer was used to control the engine test conditions, including engine
speed and load, according to the “Limits and measurement methods for non-road diesel engine
specific fuel consumption” (GB/T 28239-2020), which were arranged as shown in Table 3. In each
experimental condition in this test, the engine speed was fixed at 3000 r/min based on the requirement
of generator sets. In order to improve the measurement precision of results, the experimental data
were recorded after 10 minutes of stable operation, and the results of engine combustion
characteristics were calculated and averaged according to 200 consecutive cycles. Moreover, the
experimental boundary conditions were strictly controlled, as presented in Table 4.

Table 3. Engine test conditions.

Serial number Engine speed Percent of engine load

1 3000 rpm 100
2 3000 rpm 75
3 3000 rpm 50
4 3000 rpm 25
5 3000 rpm 0

Table 4. Boundary conditions in the test.

Boundary conditions Range
Fuel temperature (K) 3035
Ambient temperature (K) 29845

Pressure difference before and after intercooler (MPa) <0.002
Exhaust back pressure (MPa) <0.006
Exhaust temperature before turbine (K) <823
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Figure 2 is depicted to help explain the experiment approach of this study. Before the
experiment, the sensor and measuring instrument should be calibrated to ensure the accuracy and
reliability of the test data. Also, the consistency of environmental conditions should be checked. Then,
the engine and test instruments should be preheated. The test data were measured and recorded after
the engine ran stably for ten minutes at least. Finally, the engine combustion performance can be
evaluated by analyzing the test data. Regarding the experiment, the first step is to analyze the effects
of the combustion chamber shape, as a properly designed shape is very beneficial to enhance the
mixing of diesel and air by forming eddy currents 1. As shown in Fig 3, the Modified Combustion
Chamber (MCC) is deeper and wider than the original Standard Combustion Chamber (SCC). The
diameter of the combustion chamber is increased from 48.7 mm to 50 mm and the depth from 12.5
mm to 14 mm, which will increase the volume of the combustion chamber. In order to keep the
combustion volume unchanged, the diameter of the taper is reduced from 46.4 mm to 43.8 mm.
Moreover, the radius and dip angle of the pits become larger, while the shrink is smaller. At the same
time, the curve of the central convex of the MCC is smoother, and the appropriate cone angle makes
it easier for fuel and air to diffuse and mix. Meanwhile, the engine compression ratio and fuel
injection timing were fixed at 19.5 and -17°CA, respectively.

In the second step of the experiment, the effects of the compression ratio of 18.5, 19.5 and 20.5
were studied. Meanwhile, the chamber is MCC, and the injection timing was kept at 17°CA. Then, in
the third step, the effects of injection timing conditions of -20°CA, -15°CA, -13°CA, -10°CA and -5°CA
were investigated under the conditions of MCC and 19.5 compression ratio.

Preparation before experiment: calibration of
experimental equipment, instruments and sensors

|

Setting of environmental parameters: temperature,
humidity, ete.

!

Engine commissioning: preheat the engine and
test instruments

|

Monitoring and recording: operation parameters,
environmental parameters and other data

|

Post-test inspection and analysis: evaluation of
engine performance

Figure 2. Diagram of experiment approach.
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]
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(a) SCC
@94mm
@50mm

@43.8mm

14mm

77mm

(b) MCC

Figure 3. Comparison of two combustion chamber shapes (a) SCC, (b) MCC.

2.3. Simulation Procedures and Key Parameters

To further investigate the combustion performance of the engine, a one-dimensional simulation
model was used to conduct simulation works for the engine. Figure 4 shows the flowchart of the
simulation approach. Firstly, a one-dimensional simulation model was built according to the
experimental bench of Figure 1. The model parameters of the engine specifications and boundary
conditions were set according to the details in Tables 1 and 4. Then, the intake pressure was set to 0.1
MPa, and the effects of intake temperature from 230 K to 330 K with intervals of 20 K were simulated.
Finally, the intake air temperature was kept at 280 K, and the effects of intake air pressure from 0.1
MPa to 0.06 MPa were numerically studied.

Building the one-dimensional simulation model.

l

Setting the boundary conditions according to engine
parameters to ensure the reliability of the simulation

|

Keeping the inlet pressure constant and changing
the inlet temperature for simulation

l

Keeping the inlet temperature constant and changing
the inlet air pressure for simulation

l

Analyzing the simulation data

Figure 4. Diagram of simulation approach.
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Figure 5. Simplified diagram of simulation model.

Various engine intake air conditions were quantitively studied, including extreme temperatures
and different intake pressure. The key combustion parameters, including maximum cylinder
pressure (Py), maximum cylinder temperature (T)), the Crank Angle (CA) of maximum cylinder
pressure (@pmqy) and the CA of maximum cylinder temperature (@rpqy), Were systematically
analyzed.

The combustion process of a diesel engine includes the ignition delay period, the combustion
duration period and the post-combustion period, among which the ignition delay affects the
uniformity of diesel fuel mixing. The more evenly the fuel and air mix, the more fully the combustion
is, and then the combustion duration is shortened. However, shortening the combustion duration can
easily increase the explosion pressure in the cylinder and reduce its durability. In this paper, CA10,
CA50 and CA90 are the crankshaft rotation angle corresponding to 10%, 50% and 90% combustion
processes, respectively. From the beginning of fuel injection to CA10 is taken as the ignition delay,
and the crankshaft angle between CA10 and CA90 is defined as the combustion duration. Besides,
Py, is introduced to denote the maximum in-cylinder pressure, @p,, is defined as the crank angle
of the Py. Ty denotes maximum in-cylinder temperature, @14, is defined as the crank angle of
the Ty.

The combustion process has an important effect on the performance of diesel engine, and the
heat release rate is the key parameter in the combustion process®2. Wiebe combustion model is used
to express the premixed combustion and diffusion combustion stages, Novaes et al. have shown that
Wiebe function parameters have a direct effect not only on engine pressure and temperature, but also
on engine performance, and the combustion model is shown in Equation (1) 23

x,(0) = /1{1 — exp [—al (QA_:IO)WH]} +(1-21) {1 — exp [—az (GAZ“)mZH]} (D

Where, x,(8) denotes the percentage of total mass fraction burned, 6 denotes the crank angle
corresponding to the top dead center time, §y,denotes the crank angle corresponding to the starting
point of combustion. Af; and Af,denote the combustion duration of premixed combustion mode
and diffusion combustion mode, respectively. m; and m, denote the form factor of premixed
combustion mode and diffusion combustion mode, respectively. a; and a, denote the efficiency
parameter of premixed combustion mode and diffusion combustion mode, respectively. 4 denotes
the weight factor.

The heat release rate is determined by cylinder pressure data, which is generally used to observe
the combustion and heat. Assuming that air and fuel form a uniform mixture in the cylinder and are
under uniform temperature and pressure during combustion, the heat release rate is determined by
Equation (2) 341
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dQ = ﬁ (PdV) + y—fl (VdP) + dQ,, )

Where, dQ is the heatrelease rate (J/°CA), y is the specific heat ratio, P is the cylinder pressure
(Pa), V is the instantaneous volume of the cylinder, and dQ,, is the heat transfer rate.

In the process of engine operation, the state of the working medium in the cylinder is represented
by three parameters, p, T and m, which are controlled by the mass conservation equation, the energy
conservation equation and the ideal gas state equation.

Mass conservation equation:

dm _ dmp dmg dmg 3
W T e @

Where, m; is the mass of gas in the cylinder, my is the mass of gas discharged from the
cylinder, and mgp is the mass of fuel entering the cylinder.
Energy conservation equation:

d(mu) dQp , dQw _ p,dv dmg dmg
“ao _d¢+_dq> Pd¢+h5d¢+h5_dq> 4)
Where, V is the working volume of the cylinder, m is the mass of the working medium, P is the
transient pressure of the cylinder, hy and hg are the specific enthalpy of the working medium at
the inlet and exhaust valves, Qp is the heat released by the fuel, and Q) is the heat of the cylinder.

Equation of state of ideal gas:
PV = mRT (2)
Where, R is the gas constant and T is the gas temperature in the cylinder.

3. Results and Discussion

In this study, the intake conditions, combustor shape, compression ratio, and injection timing
were chosen as the research conditions to study the influence of external environment and internal
factors on combustion performance. In order to display the in-cylinder combustion process, cylinder
pressure, heat release rate, ignition delay period, and combustion duration were selected as the
combustion characteristics parameters.

3.1. Simulation Model Verification

In order to verify the accuracy and reliability of the model before optimizing the engine, the
cylinder pressure and heat release rate were verified at 100% of engine load, 3000 r/min and 18.5
compression ratio, as shown in Figure 6. Although the experimental results could be affected by
various environmental factors, the curves of simulation and experimental results match very well.
Among them, the maximum value of the cylinder pressure curve corresponding to the simulation
and the crankshaft Angle corresponding to the maximum value are each 3.3°CA and 9.952 MPa in
the simulation. While, the corresponding values in the experiment are 4.4°CA and 9.874 MPa,
respectively. The differences are 1.1°CA and 0.077 MPa, respectively, with percentages of error of
about 0.31% and 0.78%, and the difference is within the acceptable range. The maximum heat release
rate and crank angle in the simulation are each 23.16 J/CA and 7.7°CA. And, the corresponding values
are 20.67 J/CA and 11.2°CA, respectively. Hence, the accuracy of this simulation model was quite
acceptable with reference to the model validations in some other research 1571,
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Figure 6. Comparison between simulation and experiment.

3.2. Effects of Intake Air Conditions

Figures 7 and 8 mainly illustrate the effects of intake air temperature from 230 K to 330 K on
cylinder pressure, cylinder temperature, Py, and Ty.

As shown in Figure 7 (a), the cylinder pressure shows a downward trend with the increase of
intake air temperature. It can be found in Figure 8 that when the intake air temperature is 230 K and
270 K, Py can reach 12.03 MPa and 10.26 MPa, respectively. However, by increasing the intake air
temperature to 330 K, Py is reduced to only 8.86 MPa. With every 20 K increase in intake air
temperature, the gap between the P, of adjacent curves becomes smaller, which are 1.02 MPa, 0.75
MPa, 0.58 MPa, 0.47 MPa and 0.35 MPa, respectively.

Figure 7 (b) shows the cylinder temperature curves under different intake air temperatures.
Consequently, the overall development process of cylinder temperature can be beneficial. As can be
seen from Figure 8, with the increase of intake air temperature, T), also gradually increases, but the
increased range obviously decreases. And from 230K to 250K, T), increases by 26 K, while the 310 K
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to 330 K value increases by 18 K, which is consistent with the change law of the Py. However, the
intake air density could be significantly reduced under high intake air temperature conditions.
Hence, the heat release rate would be diminished due to decreased oxygen amount during
combustion.

Figure 9 shows the effects of intake air temperature on combustion duration, @pme, and @rpmay-
Regarding combustion duration, the values are relatively similar across different intake air
temperatures, implying that the overall change in combustion heat release is not substantial. In the
meantime, with the intake air temperature increase from 230K to 330K, @ppay and @rpe, have
delayed by 1.35°CA and 5.89°CA, respectively. Hence, the combustion center of gravity shifts
rearward, improving the combustion performance.

e S —— e — 230K

—_
)} [ee) [w)

N

Cylinder Pressure (MPa)

0
-150 -100 -50 0 50 100 150
Crank Angle (°CA)

(a) Cylinder pressure
1600

— 230K
1400

1200

1000

Cylinder Temperature (K)

-150 -100 -50 0 50 100 150
Crank Angle (°CA)

(b) Cylinder temperature

Figure 7. Effects of intake air temperature on cylinder pressure and cylinder temperature.
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Figure 8. Effects of intake air temperature on Py, and Ty.
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Figure 9. Effects of intake air temperature on combustion duration, @ppax and @rmay-

Under actual working conditions, intake air pressure would be gradually reduced with the
increase of altitude. Figure 10 (a) shows the cylinder pressure curves under different intake air
pressures. Meantime, the intake air temperature is fixed at 280 K.
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Unlike the effects of intake air temperatures, the cylinder pressure shows a consistent trend with
the change of intake air pressure. With the decrease of intake air pressure from 0.1 MPa to 0.06 MPa,
the cylinder pressure also gradually decreases. As shown in Figure 11, P, can reach 9.95 MPa at 1
bar intake air pressure, but it is only 4.84 MPa at 0.06 MPa. This is mainly because that a lower intake
pressure, corresponding to a higher altitude, would deteriorate both intake air amount and
combustion performance, reducing cylinder pressure.

Figure 10 (b) shows the cylinder temperature curves under different intake air pressures. At the
macro level, the cylinder temperature shows an upward trend by decreasing intake air pressure from
0.1 MPa to 0.09 MPa. It can also be seen that the corresponding T,, in Figure 11 increases from 1381.4
Kto 1437.1 K. This is mainly because by decreasing intake air pressure, the reduction of intake oxygen
amount could adversely affect the heat release rate, leading to a prolonged combustion period with
a higher cylinder temperature. Then, by further decreasing intake air pressure from 0.09 MPa to 0.06
MPa, the variation of cylinder temperature generally shows a stable trend. The corresponding Ty
ranges from a relatively narrow interval around 1445 K. That can be attributed to a combined effect
of two main factors. First, the lower oxygen amount could extend the combustion process, benefiting
the cylinder temperature. Second, reducing the oxygen amount would deteriorate the combustion
performance, suppressing the upward trend of cylinder temperature.

Figure 12 shows the effects of intake air pressure on combustion duration, @p;ng, and @rpay-

The variation in combustion duration between different intake pressures is very slight. By
decreasing intake air pressure from 0.1 MPa to 0.06 MPa, @pyqy and @rpme, first postpone, then
become relatively stable. It indicates that with the decrease of intake air pressure, although the
combustion duration is not apparently affected, the reduced oxygen amount still has the potential to
prolong the whole combustion process, delaying the peak of cylinder pressure and temperature.
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3.3. Effects of Combustion Chamber Shape

Figure 13 (a) shows the effects of two combustion chamber structures on cylinder pressure under
100% engine load. It can be seen that the maximum cylinder pressure of the MCC condition is 0.22
MPa lower than that of SCC. This is mainly because, in the premixed combustion and diffusion
combustion period, a wider and deeper chamber is helpful to promote the form of eddy currents,
enhancing the fuel spray atomization. As can be seen from the heat release rate curve in Figure 13
(b), due to the rapid formation of mixture in the MCC and the advance of premixed combustion, the
concentrated heat release was earlier than the SCC, the heat release center moved forward, the
cylinder pressure reached the peak in advance, and the heat load of the diesel engine is reduced. The
decreasing released heat and pressure is helpful to reduce the entire engine's heat load, enhancing
the engine's durability.

Figure 14 presents the comparison of the ignition delay and combustion duration between the
SCC and MCC. It can be seen that, compared to SCC condition, the ignition delay and combustion
duration for MCC under 100% load are extended by about 1.6 degrees and 4.2 degrees, respectively.
Under 75% load, the ignition delay extended around 1.6 degrees, but the combustion duration is
almost the same. Regarding lower engine loads (25% and 50%), the ignition delay and combustion
duration are not apparently affected by modifying the combustion chamber shape.
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3.4. Effects of Compression Ratio

Figure 15 presents the results of cylinder pressure and heat release rate under different
compression ratios under 100% engine load. Overall, it can be seen that a higher compression ratio
would be beneficial to increase the cylinder pressure 3. The pressure curve's peak grows from 9.87
MPa to 10.47 MPa by increasing the compression ratio from 18.5 to 20.5. Regarding the heat release
rate, under the condition of the 18.5 compression ratio, the combustion situation becomes worse, and
the heat release rate is far less than the other two curves. Comparing the conditions between 19.5 and
20.5 compression ratios, there is no obvious change in the heat release rate curve. This is mainly
because the corresponding compression clearance height is reduced as the compression ratio
increases. Hence, when the piston approaches TDC, the cylinder pressure rises sharply, and the
pressure difference of different compression ratios also expands. The temperature and pressure of
the mixed gas in the combustion chamber could further increase at the end of the compression stroke.
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Figure 16 presents the comparison of the combustion period under three compression ratio
conditions. With the increase of compression ratio, all the three kinds of periods (CA10, CA50 and
CA90) are advanced on the whole. Compared to the 18.5 compression ratio, CA10 under the
conditions of 19.5 and 20.5 compression ratios are advanced by 3.3°CA and 5°CA, respectively.
Meanwhile, CA50 and CA90 can each be advanced by around 6.5°CA and 3.8°CA by increasing
compression from 18.5 to 20.5. Figure 16 shows that the ignition delay can be shortened by increasing
the compression ratio, leading to higher cylinder pressure and heat release rate. Besides, the
combustion duration remains relatively stable under different compression ratio conditions.
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Figure 15. Effects of compression ratio on cylinder pressure and heat release rate.
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3.5. Effects of Injection Timing

Figure 17 to Figure 18 mainly present the effects of injection timing on cylinder pressure and
heat release rate under 100% engine load. It can be found that with the advance of injection timing,
the cylinder pressure generally shows an increasing trend in Figure 17 (a). Py could reach the
maximum value of 11.4 MPa under the condition of -20°CA injection timing, as shown in Figure 18.
In addition, CA50 is delayed with the advance of injection timing, indicating that the center of gravity
of combustion moves backward, which is conducive to full combustion and improving exergy
efficiency14, 15.

By analyzing Figure 17 (b), it can be found that the distribution of heat release in the cylinder is
relatively similar before the top dead center. This is mainly because advancing injection timing will
help extend the ignition delay period, thus increasing the heat release proportion in the premixed
combustion stage.
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Figure 19 mainly shows the effects of injection timing on ignition delay and combustion duration
under different loads. In Figure 19(a), it can be seen that at 100% load, compared to the engine's
original injection timing of -17°CA, the ignition delay period is shortened by 1.4 degrees when the
injection timing is advanced to -20°CA. With the further delay of injection timing from -17°CA to -
13°CA, the ignition delay is each shortened by 3.8 degrees, 3.87 degrees and 2.48 degrees under 100%,
75% and 50% loads, respectively.

Moreover, as presented in Figure 19(b), with the delay of the injection timing, the extension of
the combustion duration is conducive to the full combustion of the fuel. Significantly, under 100%
load, compared to the engine's original injection timing of -17°CA, the combustion duration is
extended by 12.24 degrees under -5°CA injection timing. However, the excessive combustion
duration may lead to higher vibration and noise, reducing the diesel engine's durability. While under
middle and low loads, especially 25% load, the combustion duration are less affected by injection
timing.

14

[ —_
el o

Cylinder Pressure (MPa)
0¢]

0 == 1 1 1 1 1
-150 -100 -50 0 50 100 150
Crank Angle (°CA)
(a) Cylinder pressure
40
30 F
20 F

— -20°CA
——-17°CA
—— -15°CA
—— -13°CA
—— -10°CA
i -5°CA

10

Heat Release Rate(J/°CA)

-10 1 1 1 1 1 1
-20 -10 0 10 20 30 40 50

Crank Angle(°CA)

(b) Heat release rate

Figure 17. Effects of injection timing on heat release rate.
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4. Conclusions

In this study, the effects of the combustion chamber, compression ratio and injection timing on
the combustion performance of a non-road air-cooled two-cylinder turbocharged diesel engine were
studied. First, the effects of intake air conditions were numerically investigated. Then, by
experimental methods, the combustion performance is studied by changing the shape of the
combustion chamber, followed by exploring the effects of different compression ratios and injection
timing based on the MCC. The main results can be summarized as follows:

(1) With the increase of intake air temperature from 230 K to 330 K, the cylinder pressure
decreases while Ty gradually increases. Meantime, @p;qy and @rnq, are each postponed by
1.35°CA and 5.89°CA, which would benefit the engine combustion performance.

(2) By reducing intake air pressure from 1 bar to 0.6 bar, combustion performance would be
obviously deteriorate mainly due to the lower intake oxygen amount. P,, has a marked decline from
9.95 MPa to 4.84 MPa, and T), has a small increase from 1381.4 K to 1437.1 K. @pmar and @rmax
initially experience a delay, followed by a relatively stable variation.

(3) After replacing SCC with MCC, cylinder pressure and heat release rate would be reduced,
which could benefit the engine's durability due to lower heat load. Moreover, the ignition delay and
combustion duration are each extended by 1.6 degrees and 4.2 degrees under 100% load. Under 75%
load, there is a small extension of around 1.6 degrees for the ignition delay, and the combustion
duration is almost same. Under relatively low engine loads (25% and 50%), compared to MCC
condition, both ignition delay and combustion duration modifications remain largely unchanged

under SCC condition.

(4) Under 100% engine load, the effects of engine compression ratio were explored. By increasing
the compression ratio from 18.5 to 20.5, the peak cylinder pressure rises from 9.87 MPa to 10.47 MPa.
Compared to 18.5 compression ratio condition, there is a marked improvement in heat release rate
under higher compression ratios. Moreover, with the increase of compression ratio, CA10, CA50 and
CA90 can be advanced, and the ignition delay can be shortened.

(5) By advancing injection timing to -20°CA, the peak cylinder pressure can increase up to 11.4
MPa, and the ignition delay is shortened by 1.4 degrees under 100% load. By delaying the injection
timing, the prolonged combustion duration facilitates the thorough combustion of the fuel.
Particularly, under a 100% load, compared to the engine's original injection timing of -17°CA, the
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combustion duration extends by 12.24 degrees under a -5°CA injection timing. Meanwhile, under
middle and low loads, the effects of injection timing on combustion duration become quite weak.
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