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ARTICLE INFO ABSTRACT
Article history: Multiple injections strategy have been commonly effective technique applied in engines
Received 13 August 2024 to reduce the exhaust emissions and management of exhaust catalyst systems. The

Received in revised form 1 December 2024 eoffect of post-injection strategy (PIS) on soot characteristics and emissions in
Accepted 10 December 2024 compression ignition (CI) diesel engine operating with oxygenated fuels (B100, B20 and
Available online 20 December 2024 B16) was experimentally studied in this study. In addition, the effect of PIS and
oxygenated fuels properties on emissions, oxidation reactivity and nanostructure of soot
emissions are studied and analysed. It is indicated that the PIS increase the emissions of
CO and THC, while the NOx emissions slightly decreased for all fuels. Furthermore, the
NOx emissions decreased by 12.6% from the effects of PIS and oxygenated fuels in
comparison with diesel. The oxygenated fuels enhance the oxidation reactivity of soot
emission to be faster than to the diesel. The nanostructure of soot formation generated
from oxygenated fuel showed disorder shape in graphen layers of soot emissions in
comparison with diesel. Furthermore, the internal structure of soot emission indicated
that more space between graphen layers and hollow in case of oxygenated fuels which

Keywords: result in easier oxidation compared to the diesel. For all fuels, B16 presented attractive
Post-injection; oxygenated fuel; NOX results in reduction NOx and soot characteristics for both size and nanostructure
emissions; soot; oxidation compared to the other fuels.

1. Introduction

The critical emissions of particulate matter (PM) and nitrogen oxides (NOx) are consider a major
concerning in diesel engines over recent investigation on engine emissions. Different technologies of
common-rail (CR), exhaust gas recirculation (EGR), and injection strategies are contribute in
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significant emissions reduction and beneficial to meet the stringent regulations of emission [1,2].
Recently, post-injection strategy (PIS) play a vital role in decline PM and in the same time enhance
the exhaust temperature as mentioned in the literature [3,4]. Yoon et al., [5] stated that the late
post-injection (70 °CAD) after top dead centre (aTDC) can be improve both systems efficiency of
diesel for particulate filter (PF) and oxidation catalyst (OC). The trend of smoke opacity and soot in
the exhaust pipe of DI diesel engine is examined by Hotta et al., [6] for different Pl timing. The study
obtained that the smoke reduction can be achieved when presents early Pl timing after top dead
centre (aTDC). Previous study by Hardy and Reitz [7] indicated that the combustion efficiency and PM
enhanced from apply PIS. Previous work by Chen [8] reported that the soot emissions can be reduced
by 42% through presented PIS with no penalty in NOX emissions. Park and Bae [9] found that the
emissions of CO and THCs reduced when using PIS in diesel engine. In contrast, other works by Fayad
et al., [10] and Yamamoto et al., [11] documented that the PIS increases the hydrocarbons emissions
from the combustion of biodiesel and diesel in CR engine. Further, the PIS impact on hydrocarbon
speciation and soot emissions from diesel fuel combustion was analysed by Storey et al., [12] under
different operating conditions of engine. They found that the late PIS timing enhance the formation
of light hydrocarbons, while no sensitive noticed with heavy hydrocarbons. Another work by Jefti¢
and Zheng [13] studied the effect of post-injection on gaseous emission composition and exhaust gas
temperature in diesel engine from combustion of n-butanol blend and diesel fuel. The outcome from
this study showed that the THC and CO are significantly reduced with early PI. Besides, late PIS is one
of the additional approach to increasing the temperature in the exhaust pipe of modern diesel
engines. Moreover, late PIS is good way to the re-catalyst which can generating high level of THC
emissions and this approved by previous work of Fayad et al., [10].

Biodiesel and bioalcohol are receiving more attention in last years ago due to meet the
requirement of stringent emission legislation. Many benefits can be founded from the attractive
properties of biodiesel such as easily available, technically feasible and environmentally acceptable
[14]. The edible or non-edible feedstock of biodiesel used in internal combustion (IC) engines as good
alternative conventional diesel fuel [15,16]. It is reported that the promising alternative source to
replace conventional fuels is biodiesel produced from microalgae [17]. However, previous
experimental works stated that the alcohol-diesel blend can improve exhaust temperature and
emissions with respect to diesel fuels [10,18]. Besides, the unburnt THC, soot emissions and CO
reduces from the burning of the alcohol molecules [19]. For these benefits, alcohol blends are
offering more focus as better fuel than to diesel fuel. It is documented in the literature that the CO
emission and soot particle reduced when using the butanol-diesel blends compared to the
conventional diesel fuel.

Pollutants emissions emitted from the diesel fuel combustion leads to serious problems linked
with environment and health issues [20]. It is reported in the literature that the first generation of
biodiesel can provide lesser level of HC, CO and PM than to the diesel [19,21]. In the same work, it
was also found that the polycyclic aromatic hydrocarbon (PAH) and soot emissions reduced from
biodiesel combustion with respect to the diesel fuel. Same findings reduction of engine emissions
was informed from the alcohol-diesel combustion [22,23]. The average soot particles number and
emissions of carbonaceous decreased when the engine fuelling with B20 [3,24]. In contrast, Lin amd
Lin [25] stated that the 10% reduction of NOx emissions obtained when using neat biodiesel [26].
Biodiesel burning produced high combustion temperature as observed in most of the literature
studies which leads to the increases the NOx emissions [27,28]. Syahmi et al., [29] studied the effect
of blended 7 % and 30% Euro 5 diesel-biodiesel blend on engine performance and exhaust emissions.
They found that the lowers CO and CO2 emissions, and increases NOx emissions, while lowers brake
power and increases BSFC. In case of alcohol blends, it was no clear agreement about increase or
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decrease NOx emissions [30,31]. Injected fuel late in the combustion cycle can help in decline the PM
and NOx emissions. It is documented in many works that the PIS gives better particulate reduction
and boost the systems performance of diesel catalyst [32,33]. Also the PIS assists decrease the
particulate formation and enrich soot oxidation within delay combustion cycle. The oxidation rate of
soot characteristics was investigated by Yehliu et al., [34], they found that the soot particles increases
with late PIS. In addition, soot emissions decreased by around 30% with PIS without penalty in NOx
emissions [35]. The interaction between oxygenated fuels and PIS are important to meet the
regulations of stringent emission. Recent studies reported that the literature are focused on the
effect of biodiesel and PIS on the emission levels in the exhaust tailpipe [10,22]. It is stated in different
studies on effect of PIS, but still unclear how the exhaust emissions and soot particles can be affected
by PIS. Furthermore, the effect of PIS on PM and NOyx emissions were studied in the literatures for
diesel and biodiesel and total concentration of PM. Therefore, the main objective of this study is
investigate the impacts of PIS and oxygenated fuel blends on exhaust gas emissions and PM
charactrestics. Furthermore, study the effect of post-injection strategy (PIS) on particulate
characteristics of number and concentration as well as oxidation activity of soot particles. The soot
nanostructure of were also highlighted in this study from oxygenated fuel combustion.

2. Research Methodology
2.1 Materials and Equipment

In this study, the oxygenated fuels biodiesel and butanol were mixed in different percentages
with conventional diesel fuel. Proportion 20% biodiesel (Sunflowers oil) was mixed with 80% diesel
to prepare B20 blend, while 16% alcohol and 15% biodiesel (Sunflowers oil) were mixed with 69%
diesel to prepare B16 blend. The blending technique and preparation method of oxygenated fuel
blends used in this study was mentioned in the previous study [19]. For the same oxygen content,
the effect of physicochemical properties of oxygenated fuels blends on NOx and PM emissions
characteristics was highlighted. General Company of Vegetable Qils is provided biodiesel that derived
from the Sunflowers oil. Properties of diesel (D), biodiesel (B), and their blends (B20 and B16) are
shown in Table 1. Before starting each test, the oxygenated blends were prepared in the time of test
to enhance the fresh fuel properties and to get homogenous blends.

Table 1

Specifications of tested fuels

Properties Diesel Biodiesel B20 B16
Chemical formula CieH3a Ci9H3602 C11H21.4005
Derived cetane number 51.8 62 53.4

Latent heat of vaporization (kJ/kg) 242 216 -

bulk modulus (MPa) 1410 1554 -

density at 15 °C (kg/m?3) 844.3 896.1 860.6 836.5
Calorific value (MJ/kg) 45.80 38.90 53.41 39.68
Falsh & Fire point (°C) 65-70 157-162 81-86 94-97
Water content by coulometric KF (mg/kg) 40 170 389.4 378.6
kinematic viscosity at 40 °C (cSt) 2.77 5.0 3.224 2.64
Stoichiometric air fuel ratio 14.4 - - -
lubricity at 60 °C(um) 312 205 404.5 406.2

The exhaust emissions emitted from engine were measured at the engine outlet (CO, NOx, and
HC) using type Multigas mode 4880 of exhaust gas analyser. To avoid the condensation of THC
between the analysing unit and the sampling unit, the sampling lines were heated to reach 190 °C.
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After each test, the sampling lines were purged to eliminate the sampling lines from any fuel
condensation. The concentration levels of emissions were recorded for both conditions (beginning
and end of test). Thermogravimetric analysis (TGA) was used to analyse the oxidation reactivity of
soot particles. The equipments of scaning mobility particle sizer (SMPS) and transmission electron
microscopy (TEM) type Philips CM-200 with an accelerating voltage of 200 kV and resolution about 2
A were used to record the PM concentrations and evaluation the soot particle morphology
characteristics, respectively. The soot image obtained by TEM is analysed using digital image analysis
Matlab software to calculate the characteristicsof soot nanoparticles, which in turn to analyses the
physical properties of soot particulate [36,37].

2.2 Engine Setup and Test Conditions

In this study, a modern 4-cylinder, CR diesel engine and tools was conducted as presented in
Figure 1. The FIS was controlled during the test by using CR fuel injection system. The range of engine
speed is from 1000 to 2000 rpm with 17:1 compression ratio. Further, the minimum and maximum
value of fuel injection pressure is between 500 to 1500 bar, respectively, while the maximum value
of indicated mean effective pressure (IMEP) is 7 bar. Thermocouple (E-type) was used to record the
temperature of exhaust pipe as well as to check that the engine was fully warm. In addition, the
temperature of water and fuel were measured using thermocouples (T-type). Before real test, the
engine was operated at least 30 min with diesel fuel to reach the steady-state condition and to warm
the engine and get the necessary temperature for test, and then performed for other fuel types.

1. Engine 6. TEM

2. Common-rail 7. Dynamometer
3. Fuel tank 8. Control monitor
4. Exhaust analyser 9. Exhaust pipe
10. Intake air

s[E.8]

Fig. 1. Schematic of engine operation setup and tools

At 1500 rpm, the engine speed was fixed for all the tests, while IMEP and fuel injection pressure
were kept at 4 bar and 550 bar, respectively. During all engine tests, PIS was carried out at 45° CAD
aTDC. For experiments, diesel fuel feed the engine to start the test, while the new fuel was conducted
in the engine and operated for 20 min to clean out the fuel pipeline from the remaining previous fuel.
To record basic data for comparison, diesel fuel was the first test performed. Three test
measurements were repeated for each condition, the results were averaged to get good results and
to prevent an error could be occurred within experiments.
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3. Results and Discussion
3.1 Emission Characteristics

Figure 2 compares the results of exhaust emissions from the oxygenated blends and diesel under
PIS. For all fuels, this figure, B16 emitted lower engine-out emissions of THC and CO in comparison
with other fuels tested. More reasons could be help in reduction the engine-out emissions from B16
such as complete combustion, better mixing, vaporisation, active oxygen content and atomization.
The high level of THC is significantly owing to incomplete combustion and poor mixing process of air-
fuel [38]. In contrast, diesel fuel burning showed highest emissions production than to the
oxygenated fuel due to high aromatic carbon and high sulfur content in the fuel properties [39]. The
emissions of CO and THC tend to increase with PIS, while NOx emissions decline by 12.6% from
oxygenated fuel in comparison with diesel, for the same condition of PIS. It is thought that the part
of fuel is sucked under PIS into the combustion process which result in deteriorate the fuel
combustion and produces high level of THC in the exhaust part. An incomplete combustion of
hydrocarbon-based fuel leads to produce the CO emission that formed in low-temperature
combustion environment or in the lean oxygen. Figure 2 revealed that PIS leads to increase the in-
cylinder temperature which results in inhibit the formation of NOx emissions. It is reported in the
previous study that NOx emissions decreased when PIS is greater than 80 °CA [40]. It is stated that
oxygen enrichment and high combustion temperature are the main roles to promote the NOx
formation. The findings from the current study are compatible with prior study which reported that
NOx emissions reduced with increase the fuel amount of the PIS (from 20 °CA to 80 °CA) [41].
Furthermore, the increasing quantity of PIS from 5 mg to 10 mg leads to decrease the NOx emissions
from 7.8% to 26.9%, respectively, as mentioned in the previous studies [13,42]. It can be noticed that
the hydrocarbon free radical increased from the effect of PIS which help in decreasing the NOx
emissions level. It is stated that PIS of fuel can cracking to produce hydrocarbon free radicals to form
nitro HCs after react with emissions of NOyx, which in turn decreasing the NOx emissions
concentration [11].

1200 ~

M Diesel
1000 4 H B100
W B20

H Bl6

Exhaust gas emissions concentration (ppm)

Co THC NOx
Fig. 2. Exhaust gas emissions analysis for B100, B20, B16 and diesel
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3.2 PM Size Distribution

PM concentrations from the PIS effect and oxygenated fuels (B100, B20 and B16) are analysed
and compared with diesel fuel as shown in Figure 3. For the same PIS, it is clear that oxygenated fuels
produced lower PM than those high PM concentrations from diesel. The high PM oxidation inside
cylinder and along exhaust pipe due to oxygen-bond from the oxygenated blends could be help in
PM reduction [43]. Furthermore, B16 appear good reduction in the PM concentrations when
compared with B100, B20 and diesel (Figure 3). These results are consistent with the finding made
by other previous studies [44,45]. Under PIS condition, the generation of PM inhibited due to increase
the temperature of the combustion in late cycle of combustion which result in enhance the oxidation
of PM. It is reported that the late PIS at 40 °CA leads to decreased the soot emissions for diesel fuel
when compared with single condition of injection [41]. Previous studies stated that PIS enhance the
oxidation rate of soot emissions due to the combustion exotherm and the additional turbulent energy
provided by PIS [46,47].

9.00E+06
8.00E+06
7.00E+06
6.00E+06
5.00E+06
4.00E+06
3.00E+06

2.00E+06

Normalised number concentration (#/cm?)

1.00E+06

0.00E+00

10 100 1000

Diameter (nm)

« Diesel e B100 m B20 AB16
Fig. 3. PM concentration and number for B100, B20, B16 and diesel

3.3 Oxidation Reactivity

The generated soot samples from the combustion of oxygenated and diesel were analysed in this
study. Figure 4 and Figure 5 show the soot mass loss and weight losses from the oxidation reactivity
of soot emissions emitted from B16, B20, B100 and diesel under PIS. It is clear from Figure 4 that the
soot particles losses mass from the oxygen-bond fuels faster than to the base fuel. The soot
characteristics and soot oxidative reactivity affected by compounds contained in oxygenated fuels
which enhance the rate of soot oxidation and reactivity [48]. Furthermore, the fuel-bound oxygen
has significant impact on the oxidation and reactivity of soot emissions. Similar results reported in
the study by Song et al., [49] that the combustion of biodiesel, B20% biodiesel and Fischer-Tropsch
synthetic diesel fuel improved the reactivity of soot derived from these fuels compared to the diesel.
Figure 5 shows that the oxygenated fuels oxidise early at low temperatures in comparison with diesel.
Thus indicated that the high combustion temperature from the oxygenated fuel and PIS have positive
effect on the oxidation rate and help the soot emissions oxidise at lower temperature [10,50]. The
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high reactivity of soot emissions from oxygenated fuels was explained by authors that the soot
undergoes to internal burning which in turn completely destruction the formation eventual
structures of graphene layer and the core [51]. B16 shows better mass losses and high oxidation
reactivity of soot emissions due to active oxygen content which contributing in decrease the total
soot inside combustion cycle and along the exhaust pipe.

1.20E4+00 -
—Diesel
1.OOE+00 -
—B100
—B20
—  8.00E-01 A
E —B16
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T
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0.00E+00 ; T : ; . .
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Fig. 4. TGA analysis of soot oxidation for B100, B20, B16 and diesel
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Fig. 5. TGA analysis of soot emission for B100, B20, B16 and diesel

3.4 Soot Nanoparticles Structure

The oxygenated fuels incorporated with PIS shows different size and nanostructure of soot
emissions as shown in Figure 6 and Figure 7, respectively. According to the TEM images, it is clear
that the oxygenated fuels produces smaller size of soot particles than those emitted from regular
diesel (Figure 6). The high soot particles formed from diesel combustion and high collisions between
these emission contributing in increase the number and size of soot compared to oxygenated fuels
combustion. The internal and external nanostructure of soot particles generated from the
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oxygenated fuels combustion shows disorder graphen layers and hollow inside soot structure
compared to the diesel fuel (Figure 7). The molecular structure of oxygen atom in the oxygenated
fuels could be helped in destruction the internal structure of soot emission and interaction the
graphen layers to be in disorder form, thereby these results support the above results obtained by
TGA. These results of nanostructure are agreement with nanostructure analysis in previous study
[19]. In comparison of oxygenated fuels, the active oxygen-fuel bond in B16 and delay PIS has more
effect on soot suppression and plays a key role in changing the structure of soot emission compared
to the B100 and B20 as shown in Figure 7. The large space between graphen layers and high
temperature inside the soot structure produced from oxygenated fuels could be beneficial for the
soot oxidation at short time and lower temperature in comparison with diesel. Also, the results of
nanostructure confirm the lower number of soot emission (Figure 6) emitted from the oxygenated
fuels. The increase temperature in the late cycle from PIS also helps to increase the oxidation rate for
the soot that already formed. The internal structure of soot and its primary particles have been
studied by Boehman et al., [52]. They found that the origin and type of fuel properties effect on the
reactivity and changing nanostructure of soot characteristics. It is thought that the surface oxygen
content on external graphen layers of soot produced from oxygenated fuels could be also provide
easier penetration inside soot and destroy the internal structure of soot emission. Another reason is
the higher reactivity and lower structural ordered of soot generated from oxygenated fuels help in
exhibited the small size and high space between graphen layers with non-uniform layers of soot as
depicted in Figure 7.

Number of primary particles
Number of primary particles

Diameter (nm) Diameter (nm)

(a) (b)

Number of primary particles
MNumber of primary particles

Diameter (nm) Diameter (nm)
(c) (d)
Fig. 6. Number of soot particles for (a) diesel, (b) B100, (c) B20, and (d) B16
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Fig. 7. High-resolution of TEM images for (a) diesel, (b) B100, (c) B20, and (d) B16

4. Conclusions

The impacts of oxygenated fuels (B100, B20, B16 and diesel) and PIS on emission and

characteristics of soot oxidation reactivity and soot nanostructure in CR diesel engine were examined
in this study. However, the tendencies of soot to the oxidative reactivity and soot nanostructure from
the combustion of oxygenated fuels and diesel are summarized into the following conclusions:

It was observed that PIS operation had beneficial for NOx emissions reduction by 12.6% from
oxygenated fuel compared to the diesel. PIS led to increase the THC and CO emissions for all
fuels, while NOx emissions slightly decrease with PIS.

The particles concentration of PM declined from oxygenated fuels, especially in B16, it was
found that the PM reduction more than other fuels.

This study gives insight and further understanding on the soot form and the condition of their
production from the combustion of oxygenated fuels and diesel under PIS.

Smaller size and lower number of soot emission produced from combustion of oxygenated
fuels and applied post-injection strategy.

Oxygenated fuels showed high oxidative reactivity of soot emission at lower temperatures in
comparison with diesel.
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vi.  The soot generated from oxygenated fuels exhibited less ordered and more space between
graphen layers in internal strcture of soot emission compared to the diesel.

vii. It was observed that easier oxidation of soot particles from oxygenated fuels due to more
hollow inside soot and oxygen content on the surface of soot which allows to easier oxidation
of soot particles.

It is recommended that the additional work on the effect of fuel injection pressures and
oxygenated fuel with exhaust gas recirculation (EGR) on soot reactivity and formation will be
highlighted in the future study.
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