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Abstract: Polyoxymethylene dimethyl ethers (PODE) are a newly appeared promising oxygenated
alternative that can greatly reduce soot emissions of diesel engines. The combustion characteristics
of the PODE and diesel blends (the blending ratios of PODE are 0%, 20%, 50% and 100% by volume,
respectively) are investigated based on an optical engine under the injection timings of 6, 9, 12 and
15-degree crank angles before top dead center and injection pressures of 100 MPa, 120 MPa and
140 MPa in this study. The results show that both the ignition delay and combustion duration of
the fuels decrease with the increasing of PODE ratio in the blends. However, in the case of the fuel
supply of the optical engine being fixed, the heat release rate, cylinder pressure and temperature
of the blend fuels decrease with the PODE addition due to the low lower heating value of PODE.
The addition of PODE in diesel can significantly reduce the integrated natural flame luminosity and
the soot formation under all injection conditions. When the proportion of the PODE addition is 50%
and 100%, the chemical properties of the blends play a leading role in soot formation, while the
change of the injection conditions have an inconspicuous effect on it. When the proportion of the
PODE addition is 20%, the blend shows excellent characteristics in a comprehensive evaluation of
combustion and soot reduction.

Keywords: polyoxymethylene dimethyl ethers; optical engine; combustion; injection strategy; flame

1. Introduction

As oligomers of ethers, polyoxymethylene dimethyl ethers with the structure CH30-
(CH20),-CHj3 (noted as PODE, “n” can take values from 1 to 8) are newly appeared
promising oxygenated additives that can greatly reduce the soot emissions of diesel engines.
In general, PODE is synthesized mainly by a compound that provides a terminal group at
both ends (mainly including methanol, dimethyl ether, methylal, etc.) and a compound that
provides an intermediate main chain -CH;O- (mainly including formaldehyde, trioxane,
paraformaldehyde, etc.) under the catalysis of an acidic catalyst [1-4]. PODE can be
dissolved in any proportion to diesel under normal temperature and pressure [5]. The
main properties of the PODE components compared to diesel and biodiesel are shown
in Figure 1 [6-13]. The boiling points of the PODE components are all lower than a 95%
distillation temperature of biodiesel or diesel. The viscosity of PODE,, at 20 °C ranges from
0.58 MPa:s to 2.84 MPa-s, with n varying from 1 to 6, which is lower than that of diesel or
biodiesel. A low boiling point temperature of PODE is conducive to a high volatility and
excellent uniformity of the air—fuel mixture. The low viscosity of PODE may be helpful for
the improvement of the spray quality. The cetane number (CN) of the PODE components
increases from 63 to 104 when n varies from 2 to 6, and thereby, PODE has a higher CN than
diesel, which exhibits a better ignitability [14,15]. Among the major components of PODE,
PODE; has a low flash point and does not meet the safety standards [16]. The melting
points may be too high when n is greater than 5. Therefore, PODE3; is a satisfactory
additive for diesel.
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Figure 1. The main properties of PODEn, reproduced from References [6-13].

PODE as an ideal alternative fuel for diesel can effectively improve the combustion
quality and reduce the diesel pollutant emissions due to the excellent proprieties. Firstly,
the lower viscosity and distillation temperature of PODE than diesel helps to improve the
quality of fuel spray and atomization and the uniformity of the air-fuel mixture. Secondly,
PODE has a much higher oxygen content than diesel. A large number of active free radicals
and oxygen atoms can be generated to promote the fuel full combustion. Thirdly, PODE
have a high H/C ratio and no C-C bond, indicating a high capability to decrease the soot
formation [17,18]. Research has shown that the formation of a soot precursor decreases as
the oxygen content increases [19], while it increases as the C-C bond number increases [20].

Previous studies have indicated that adding PODE in diesel is a promising way to
make diesel engines realize the goal of high efficiency and clean combustion. Li et al.,
studied the spray and atomization characteristics of PODE and diesel blends under the
ambient temperature of 293 K and the ambient pressure of 4 MPa [21]. They found that the
spray-projected area increased with a small amplitude and the diameter of the droplets
decreased significantly with the increasing of the PODE ratio in the blends. The droplets
had a trend of even distribution in the range of 12-20 um. Therefore, blending PODE
with diesel can improve the performance of spray atomization. Ma et al., investigated the
flame combustion characteristics and soot distribution of PODE and diesel blend fuels
in a constant-volume vessel [22]. The flame lift-off length increased and the soot amount
decreased with the increasing of the PODE volume fraction in the blends. When the
volume fraction of PODE reached 20% and 50%, the total soot emissions amount decreased
more than 50% and 95%, respectively. For one thing, the special structure of PODE with
no C-C bond can reduce the soot formation. For another, a high oxygen content can
accelerate the soot oxidation [22-24]. In addition, a large number of scholars have also
studied the combustion and emission characteristics of PODE and diesel blend fuels based
on actual engines. The results showed that the start of combustion (SOC) advanced and,
thereby, the ignition delay (ID) shortened with the PODE blending ratio [25]. The diffusion



Energies 2021, 14, 4608

30f19

combustion intensity was stronger and the combustion duration (CD) of the blends was
shorter than the diesel fuel [17,26]. The maximum cylinder temperature and the fuel
combustion speed of the main injection fuel increased, and the combustion quality of blend
fuels improved obviously as the blending ratio of PODE increased in the blends under the
test conditions [26]. The larger the PODE blending ratio in diesel, the greater the reduction
in soot emissions of diesel engines. Liu et al., employed 10%, 20% and 30% PODE volume
ratios as additive in diesel, which can reduce the soot emissions of the four-cylinder diesel
engine by 27.6%, 41.5% and 47.6% [27]. Chen et al., also found that adding PODE in
diesel /biodiesel mixtures can significantly reduce the soot emissions under medium and
high loads and reduce the number concentrations of ultrafine particle matters under low
and partial loads [13]. Liu et al., studied the influence of PODE on soot emissions in a
diesel engine, and the results showed that PODE can reduce soot emissions greatly over
the European Stationary Cycle [11]. Pellegrini et al., blended PODE with a 10% volume
ratio in diesel and tested the blends in an old Euro-2 diesel [14]. The soot emissions of
the old Euro-2 diesel car that used a PODE/diesel fuel blend reached below the Euro IV
limit. By blending 25% PODE by volume into commercial diesel, the raw soot emissions of
heavy-duty diesel engines can reduced by 73-94%, which met the Euro VI soot emission
standard in the World Harmonized Stationary Cycle [9]. Wang et al., used PODE3 4 as a
diesel additive to improve the combustion and emission characteristics of a diesel engine.
The results revealed that adding a 20% PODEj3_4 volume ratio in diesel reduced the soot
emissions by 36.2% compared to pure diesel in the European Stationary Cycle [24]. In all,
PODE can effectively reduce soot emissions due to its excellent proprieties and special
chemical structure. However, PODE has a lower heating value (LHV) of 25.81 MJ/kg,
whereas the LHV of diesel is 44.94 M]/kg. A high ratio of PODE in blends affect the power
performance of the diesel engine [27]. The break-specific fuel consumption increased
with the increasing of the PODE blending ratio [28]. Liu et al., found that the BTE of
the diesel engine first increased and then decreased with the increasing of the PODE
blending ratio [25]. The BTE of diesel, P10, P20 and P30, are 40.3%, 42.5%, 43.7% and
42.8%, respectively, at 100% engine load. In addition, many researchers showed that NOx
emissions of diesel engines increased significantly with a PODE addition [29-31]. Thus,
the blending ratio of PODE in diesel is not as high as possible.

By analyzing the previous research, many experiments have been carried out to
investigate the effects of PODE in actual diesel engines. However, fundamental data
about the combustion process and flame development in cylinders are still rare. There is a
lack of relevant research on the explanation of soot formation from the perspective of basic
combustion, especially visualization research. The combustion studies of PODE diesel
blend fuels in a constant-volume chamber have limitations, because the inlet air flow is
ignored. Accordingly, it is necessary to investigate the combustion process and the soot
formation of PODE diesel blends in an optical engine. Therefore, the influence of different
PODE blending ratio in blends (0%, 20%, 50% and 100% by volume) on the combustion
characteristics of an optical engine under the injection pressures of 100 MPa, 120 MPa
and 140 MPa and the injection timings of a 6-degree crank angle (°CA) before top dead
center (BTDC), 9 °CA BTDC, 12 °CA BTDC and 15 °CA BTDC are investigated in this
study. The fuel with a PODE blending ratio of 0 is diesel, which is used as the basic fuel for
comparison. The PODE blending ratios of 20%, 50% and 100% selected in this study can
complement the relevant research on the effects of neat PODE, small proportions and half
proportions of PODE additions in diesel on the engine characteristics of the combustion
process and soot emissions. This work attempts to provide an intuitive understanding of
PODE and diesel blends on the combustion characteristics, combustion process and soot
formation in an optical engine; supplement the results from the constant-volume chambers
and may help in the development of PODE as a diesel additive.
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2. Methodology
2.1. Test System

The test system was mainly composed of an optical engine, high-speed camera system,
fuel supply system and control acquisition system. Figure 2 displays the experimental
scheme of the optical engine system. Testing the optical engine in this research was
modified from a 4-cylinder diesel engine; the third cylinder was selected as the lengthened
working cylinder, and the other cylinders were abandoned. Table 1 displays the engine
specifications. A transparent quartz glass was installed on the top of the piston, and its
optical effective diameter was 71 mm. The material of the glass in the top of the piston
was made out of quartz for higher heat resistance, a high transmittance of 95% in visible
and 85% in ultraviolet, a high transmittance range of 185-3500 nm band, a low refractive
index, a high hardness and mechanical strength, a smaller thermal expansion coefficient,
oxidation resistance and chemical corrosion resistance. A 45° ultraviolet reflector was fixed
on the hollow part of the engine block and piston body. The situation in the combustion
chamber was recorded by a high-speed camera after being reflected by the 45° ultraviolet
reflector through the transparent quartz glass. The camshaft gear was turned to adjust the
valve timing. The optical engine was connected to the DC electric dynamometer through
a coupling, and the dynamometer was the HZDZ-20 (rated power: 20 kW; Keda Co.,
Tianjin, China). This test used a DC dynamometer to automatically control the engine
speed at 1200 r/min for abating the pollution of the reflector and for a longer analyzable
combustion process measured in seconds. The engine compression ratio was reduced
from the previous 17.5 to 11 by the modification from which it can protect against spray
impingement on the glass on top of the piston and ensure that the laser sheet passes
through the effective areas of the injector. Before the test, the cooling water temperature
and intake air temperature needed to be heated to be 368 K and 398 K, respectively, to
guarantee normal compression ignition combustion. When the quartz glass and reflector
got contaminated, it was necessary to shut off the engine and wipe the glass and reflector
to ensure the cleanliness and prepare for continuing the experiment.
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Figure 2. The experimental scheme of the optical engine system.
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Table 1. Engine specifications.

Parameter Value
Connecting rod length (mm) 155
Bore xStroke (mm) 92 x 100
Displacement (L) 0.664
Swirl ratio 15
Valve number 2
Compression ratio 11

The Bosch high-pressure common rail direct injection fuel injection system was used
in this study. The injector had 6 holes, the diameter of the nozzle hole was 150 pm and the
spray cone angle was 150°. The injection quantity was 20 mg/cycle, which was calibrated
and ensured a long enough experiment time with clean glass. Twenty cycles were set as
the time between two consecutive injections for the following reasons. Firstly, there was
enough time to remove the influence of the residual gas on the process of the in-cylinder
combustion. Secondly, it can prevent the glass damage due to thermal stress and thermal
fatigue. Finally, it can also avoid the glass pollution with combustion products. This study
was carried out under 100, 120 and 140 MPa injection pressures and 6, 9, 12 and 15 °CA
BTDC injection timings, respectively.

The data acquisition system not only needed to collect the cylinder pressure but
also needed to collect the combustion images. Therefore, the cylinder pressures acquisi-
tion system and images acquisition system were included in the data acquisition system.
The signals of the cylinder pressures were collected by the piezoelectric pressure sensor
(6125C, Kistler, Switzerland) and then input into the combustion analyzer through a charge
amplifier. At the same time, the encoder input the crank angle signal into the combus-
tion analyzer. The fuel injection system sent out the fuel injection signal, as well as the
image acquisition signal at the same time. The image acquisition signal was time-adjusted
by the delay trigger, and the high-speed CMOS camera (FASTCAM-SAS5, Photron Co.,
Tokyo, Japan) was triggered to acquire the combustion process in-cylinder. The camera
was equipped with a Nikon len (Micro 50 mm f/1.4). When the combustion image was
saved after the end of the injection in each experimental plot, each image acquisition was
completed. The frame rate of the camera taking pictures was 20,000 frames per second
(fps), and the resolution of the images was 512 pixels x 512 pixels. The crank angle interval
between two adjacent images was 0.36 °CA when the engine was running at the speed of
1200 r/min. For each working condition, the combustion images were measured no less
than 10 times, and the in-cylinder pressures were measured 30 times. The average value of
multiple repeated test data was used as the final result to analyze the flame combustion
characteristics of the different blends in an optical engine under various working condi-
tions. Therefore, the reliability and accuracy of the experimental results could be ensured
in this way.

2.2. Data Processing

Self-compiled MATLAB procedures were used to analyze the combustion images
obtained from the high-speed camera system in this study. A two-color method was used
to analyze the images, and then, the distributions of spatial temperature and spatial KL
in-cylinder of the optical engine can be obtained. KL was used to characterize the overall
soot concentration in the cylinder. The light radiation of ¢, is a function of the KL and the
wavelength A [32], which is shown as Equation (1):

e)\zl—exp(—l/(\aL> 1)

K represents the absorption coefficient, which is approximately proportional to the
soot concentration. L represents the geometric thickness of the optical axis in the flame
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detection direction. « is a constant, which represents the visible wavelength, and it is
assumed to be 1.39 in many studies [33-36].

The soot radiation intensity I(A, T) is a function of the temperature T and wavelength
A, according to the Planck Radiation Law, which is shown as Equation (2), where C; is the
constant —1.1910439 x 1071 Wm?2sr—1, and C; is the Planck’s constant —1.4388 x 102 mK.
T, is the temperature obtained by calculating the radiation intensity when the object is
equal to the black body, which is called the brightness temperature.

C C
I(A,T) = s/\)\éexp<—/\;a> 2)

The calculation methods of T and KL are Equations (3) and (4):
D) e R E DI
1—exp|—=—= - = =ql—-exp|—— - = 3
{ P { M\Top, T P M\Twn, T ©)

KL = —/\%ln{l—exp[—iz(Tl —71,)]} (4)
1 aiq

Based on the in-cylinder pressure signal collected by the piezoelectric pressure sensor,
the heat release rate (HRR) and combustion temperature can be calculated by the sim-
plified heat release model [37,38]. The HRR and in-cylinder temperature are calculated
by Equations (5) and (6), where x represents the specific heat ratio, and the value is 1.35.
V represents the instantaneous cylinder volume. p represents the in-cylinder pressure,
m represents the charging mass and ¢, represents the constant-volume-specific heat.

aQ  k dv 1 _dp

dp k—1"dg Tk=1"dg ©)
T 1 (dQ  dV
o = e, iy ") ©

2.3. The Properties of the Test Fuels

There were four fuels in this study. PODE was blended with diesel in a 0%, 20%,
50% and 100% ratio by volume, which were named D100, P20, P50 and P100, respectively.
The PODE used in this study was mainly composed of PODE,;, PODE;, PODE; and
other components. The proportion of each component was 12%, 46%, 34% and 8% by
mass, respectively. The PODE used in this study was bought from Shandong Shanghekai
Chemical Co., Ltd. in Jinan, China. The diesel was bought from the market of China
National Petroleum Corporation in Xi’an, China. According to the oxygen content of each
component of PODE, the minimum oxygen content of PODE used in this test was 43.5%.
The properties of the four test fuels are shown in Table 2, and the distillation temperatures
of the diesel and PODE are shown in Table 3.

Table 2. Properties of the test fuels.

Properties D100 P20 P50 P100

Density (g/ cm®) 0.832 0.908 0.952 1.072

Viscosity at 20 °C (mm?/s) 3.34 3.05 2.66 1.98
Cetane number 50 54 61 72

Lower heating value (LHV) (M]/kg) 44.94 38.79 35.38 25.81

Oxygen content (%) 0 10.3 25.7 43.5
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Table 3. Volatility of the diesel and PODE.

Distillation Temperature D100 PODE
Initial boiling point (K) 444 422
50% vol recovery (K) 548 450
95% vol recovery (K) 635 513
Final boiling point (K) 648 525

3. Discussion for Thermodynamic Combustion Characteristics

The zero point of the heat release rate from (HRR) negative to positive was defined
as the SOC. The zero point of HRR from positive to negative was defined as the end of
combustion (EOC) in this study. The heat release ignition delay (HRID) was defined as the
period between the start of injection (SOI) and SOC, and CD was the period between the
SOC and EOC. The combustion pressure, HRR and combustion temperature in-cylinder of
the four test fuels under different injection pressures and timings are shown in Figure 3.
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Figure 3. The cylinder pressures, HRR and cylinder temperature.

Under the same conditions, the combustion pressure, HRR and combustion tempera-
ture of the blends all decreased as the PODE blending ratio increased. D100 always had
the highest peak HRR (PHRR), peak combustion pressure (PCP) and peak combustion
temperature (PCT). Meanwhile, P100 always had the lowest PCP, PHRR and PCT. The
higher oxygen content of PODE can release a large number of active free radicals during
the combustion stage thereby promotes complete combustion and heat release [30,39,40].
The fuel injection quantity was fixed at 20 mg/cycle. The LHV of PODE was 25.81 MJ /kg
lower than the 44.94 MJ /kg of diesel. The effect of PODE on promoting the combustion
quality weakened, and the negative effect of LHV was dominant.

It can be clearly seen that the SOC of the blend was advanced with the addition
of PODE. The CN of PODE is 72, which is much higher than that of diesel. The CN
is related to the fuel ignitability. The higher the CN of fuels, the easier they are to be
compression-ignited [41]. Therefore, as the ratio of PODE in the fuel blend increased,
the CN increased, and the HRID significantly shortened. In addition, the HRIDs of the
four test fuels shortened as the injection pressure increased when the injection timing
was fixed at 6 °CA BTDC. It was because increasing the injection pressure makes the
formation of the mixture more uniform, which can make the in-cylinder combustion much
easier [42]. Moreover, the CD of the blend fuels decreased with the PODE increasing, which
indicated that the addition of PODE sped up the in-cylinder combustion and promoted the
concentrated heat release.

4. Discussion for Optical Combustion Characteristics

Figure 4 shows the in-cylinder combustion images of the test fuels under the injection
pressure of 100 MPa and the injection timing of 6 °CA BTDC. It was obvious that the
flames of the four fuels all appeared first at the edge of the combustion chamber. It can be
advisably understood from two aspects: the spray atomization reduced the temperature
near the injector to lift the condition of flammable limits in an area near the center of the
injector. The combustible mixture appeared first in front of the spray, which was nearby
the edge of the combustion chamber. Then, the flame front moved to the area of the injector
nearby, and the entire combustion chamber was filled with flame quickly. Immediately
afterwards, the combustion areas became smaller, and the combustion processes entered
the late-combustion stage. The luminescence ignition delay (LID) was defined as the period
between the SOI and the timing of the first combustion images. Due to the high CN of
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PODE, it can be seen from the figures that the crank angle of the first combustion images
was advanced, and the LID shortened with the increasing of the PODE blending ratio in
the blends. The LID and the HRID were different concepts, and the LID was later than
HRID normally. The difference between the LID and the HRID was related to the start
time of fuel low-temperature reaction for the initial pressure transfer timing and initial
luminescence emission time.

ATDC(° CA) 0.52 4.84 7 9.52 11.32 13.12

D100

P50

P100

Figure 4. The combustion images (Injection pressure: 100 MPa; Injection timing: 6 °CA BTDC).

The natural flame luminosity of fuels during combustion is mainly divided into
chemiluminescence and soot incandescence, and the intensity of soot incandescence is
much stronger than that of chemiluminescence [43]. It is generally believed that the
“blue flame” symbolizes the chemiluminescence of HCHO converting into CO in high-
temperature areas, and the “yellow flame” represents the incandescent light of soot [44,45].
The yellow flame of the blends decreased with the increasing of the PODE ratio in the
blends, and almost no yellow flame was observed in the flames of P100. This was mainly
due to the fact that PODE does not contain C-C bonds and has a high oxygen content,
which had a positive effect on inhibiting soot formation. It should be noted that there
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were yellow dots or bright yellow areas in the center area or the edge of the combustion
images. The amount of retained fuel in the area close to the nozzle or the edge of the
combustion chamber increased, so that the fuel combustion was insufficient, and yellow
flames were generated. In the late stage of fuel injection, the injector needle valve was
seated, and the injection pressure dropped. Therefore, the fuel spray atomization quality in
the area near the center of the injector was poor, which was not conducive to combustion.
Further, with the addition of PODE, the yellow dots in the center area or the edge area of
the image decreased. The lower viscosity and distillation temperature of PODE improved
the atomization quality and promoted the full combustion of the blended fuel, and thereby,
the soot formation was reduced.

The spatial temperature and spatial KL distributions of the combustion flames in an
optical engine cylinder can be obtained by using the two-color method. The images of
temperature and KL distributions under the 6 °CA BTDC injection time and 100-MPa
injection pressure individually are shown in Figures 5 and 6. The temperature range of
the spatial temperature distribution images was between 1500 K and 2400 K. It appeared
as dark blue in the images when the combustion temperature was lower than 1500 K and
bright yellow when the combustion temperature was higher than 2400 K. The KL range
was between 0 and 0.0002.

ATDC(°® CA)

- 2400

12300

12200

12100

1800
1700
1600

1500

Figure 5. Spatial temperature distribution (Injection pressure: 100 MPa; Injection timing: 6 °CA BTDC).
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ATDC(®° CA) ¢

wn
[35]

4.84 7 9.52 1132 13.12

D100

P20

P100

Figure 6. Spatial KL distribution (Injection pressure: 100 MPa; Injection timing: 6 °CA BTDC).

Comparing and analyzing Figures 4 and 5, it can be found that the spatial temperature
distribution images of the four test fuels were all in yellow or bright yellow in the early stage
of the combustion, indicating the high flame temperature. This can be explained by the fact
that, in the region where the combustion flame first appeared, the atomization quality of the
blends was high, and the amount of the air—fuel mixture was sufficient, which accelerated
the combustion heat release and led to a high flame temperature. In the early stage of
combustion, called the premixed combustion stage, the high temperature zone expanded
rapidly. In the intermediate or late stage of combustion, called the diffusion combustion
stage, the high-temperature zone shrank gradually. With the increasing of the PODE
blending ratio, the proportion of the high-temperature region in the spatial temperature
distribution images gradually decreased, indicating that the flame temperature decreased.
The phenomenon that the in-cylinder temperature decreased with the addition of PODE
was consistent with the results calculated by the in-cylinder pressure in Section 3.

It can be seen from Figure 6 that the soot contours were small in the early stage due to
the high temperature, which can be observed in Figure 5. The research showed that a high
temperature can strengthen the oxidation of soot [46]. In the stage of diffusion combustion,
the formation of soot gradually increased. With the addition of PODE, the area of soot
decreased sharply. There were several reasons for this. Firstly, no C-C bond of PODE
inhibited the soot precursor formation. Secondly, PODE had a high oxygen content of 43.5,
which can accelerate the complete combustion of the blends. Thirdly, the addition of PODE
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improved the spray quality, which resulted in low soot formation. Lastly, the addition of
PODE narrowed the combustion regions to reduce the soot formation regions.

The combustion images under the injection pressure of 140 MPa and the injection
timings of 6 °CA BTDC and 12 °CA BTDC are displayed in Figures 7 and 8. In general, the
flame structures and the development processes of the four test fuels were similar to those
under 100-MPa injection pressure and 6 °CA BTDC injection timing shown in Figure 4.
Comparing Figure 7 with Figure 4, it can be found that the luminescence SOCs of the four
test fuels advanced as the injection pressure increased, since the mixture of air and fuel
was improved, and the flammability limit of the mixture appeared earlier. In addition, the
proportions of yellow flames in the process of combustion development for D100, P20 and
P50 were greatly narrowed, indicating that increasing the injection pressure improved the
in-cylinder combustion quality and reduced the soot formation. However, the effect of
increasing the injection pressure on the combustion flame was not obvious for P100. The
luminescence timings of the four test fuels became earlier as the injection timing advanced
by comparing Figure 8 with Figure 7. However, the combustion process of P100 was almost
completed before TDC under an injection pressure of 140 MPa and injection timing of
12 °CA BTDC, which was negatively conducive to the engine performance.

ATDC(® CA)

0.52

11.32

D100

Figure 7. The combustion images (Injection pressure: 140 MPa; Injection timing: 6 °CA BTDC).
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Figure 8. The combustion images (Injection pressure: 140 MPa; Injection timing: 12 °CA BTDC).

The combustion development process of P20 was discussed thoroughly in this paper.
The combustion flame, spatial temperature distribution and spatial KL distribution images
of P20 under various injection pressures are shown in Figures 9-11. It can be seen from the
combustion flame images that the flame spreading speed was obviously accelerated with
the increasing of the injection pressure in the early combustion stage. Increasing the injec-
tion pressure made the fuel beam obtain a higher initial kinetic energy and strengthened
the collision between the fuel and air molecules, which increased the spread of the spray
and reduced the particle sizes. Therefore, increasing the injection pressure can improve the
atomization quality of P20, thereby increasing the intensity of the premixed combustion.
Obviously, the proportion of the high-temperature region in the spatial temperature dis-
tribution images increased with the increasing of the injection pressure. In the premixed
combustion stage, the soot formation decreased greatly with the increasing of the injection
pressure, while there was almost no change in the diffusion combustion stages.
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Figure 9. The combustion images of P20 at 6-°CA BTDC injection timing.
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Figure 10. Spatial temperature distribution of P20 at 6-°CA BTDC injection timing.
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Figure 11. Spatial KL distribution of P20 at 6 °CA BTDC injection timing.

Figure 12 displays the integrated KL curve of four test fuels under various injection
conditions. The integrated KL was defined as the sum of the KL values of each image,
which represented the change of soot generation in cylinders with a crank angle. Adding
PODE into diesel can greatly reduce the soot emissions of the blends under any injection
condition. For D100, both advancing the injection timing and increasing the injection
pressure reduced the value of the integrated KL and thereby reduced the soot formation.
For P20, the soot formation was markedly reduced when the injection pressure increased
from 100 MPa to 120 MPa, while there was no significant change in the soot formation by
continuing to increase the injection pressure and advance the injecting timing. Changing
the injection conditions had an insignificant effect on the soot formation for P50 and P100.
It can be concluded that, when 20% PODE was blended with diesel, both the injection
conditions (spray atomization quality) and chemical properties of the blend affected the
soot formation. When the blending ratio of PODE was raised to 50% and 100%, the chemical
properties of the blends played a leading role in the soot formation, while the change of
the injection conditions had an inconspicuous effect on it.

The integrated natural flame luminosity (INFL) was defined as the sum of the total
intensity value in each image. The INFL of the test fuels under various injection pressures
are given in Figure 13. The natural luminosity of the flame during the combustion duration
was composed of chemiluminescence and soot incandescence. The INFL reduced obviously
with the adding of PODE due to the decreased soot formation. The addition of PODE
decreased the soot formation, which was conducive to reducing the heat radiation and
INFL. Further, the flame area of the blends decreased with the addition of PODE, which can
be seen from the combustion flames in Figures 7 and 8, and therefore, the INFL decreased.
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Figure 12. Integrated KL.
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Figure 13. Integrated natural flame luminosity (Injection timing: 6 °CA BTDC).

5. Conclusions

The combustion study of polyoxymethylene dimethyl ethers and diesel blend fuels
was comprehensively investigated on an optical engine. The conclusions of the experimen-
tal study are as follows:

(1) The ID of the blends shortened as the PODE blending ratio increased due to a
higher CN of PODE. The peak heat release rate, peak cylinder pressure and peak cylinder
temperature of the blends decreased with the ratio of PODE due to the lower LHV of PODE
in the case of a fixed fuel supply. Adding PODE into diesel can significantly reduce the
soot formation and the integrated natural flame luminosity under any injection conditions
due to the excellent physical and chemical properties of PODE.

(2) For P20, both the injection conditions (spray atomization quality) and chemical
properties of the blends affected the soot formation. When the blending ratio of PODE
was 50% and 100%, the chemical properties of the blends played a leading role in soot
formation while the change of the injection conditions had an inconspicuous effect on them.
Thus, combining P20 and the optimized injection strategy had a satisfactory effect on the
characteristics of combustion and emission, which was impossible for P50 and P100.

(3) The larger the PODE blending ratio in diesel, the greater the reduction in the soot
emissions of diesel engines. PODE has a lower heating value of 25.81 MJ/kg, which is
much lower than the 44.94 MJ]/kg of diesel. A high ratio of PODE in blends may affect
the power performance of the diesel engine. P20 showed excellent characteristics in a
comprehensive evaluation of the combustion and soot reduction.
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