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ABSTRACT: One of the most important of these emissions is fine particulate matter, which is a harmful emission of
diesel engines, leading to the imposition of strict regulations. Biodiesel, with its high oxygen content, is an effective
alternative to significantly reduce these emissions. In this study, rapeseed methyl ester (RME) was used as a diesel engine
fuel and the emitted particulate matter was compared with ultra-low sulfur diesel (ULSD). In most experimental studies,
the emission of soot was measured. In this work, the effects of injection timing, injection pressure (IP), and engine load
on fine particulate matter in both nucleation and accumulation modes were studied. The results show that IP increases
the number of particles in the accumulation mode while the number of particles in the crystallization mode is higher
for rapeseed methyl ester (RME) than for ultra-low sulfur diesel (ULSD). Conversely, the formation rates of particles in
the accumulation mode are higher for ULSD. Cumulative concentration numbers (CCN) are generally higher for RME
in crystallization mode but higher for ULSD in accumulation mode. Increasing the IP reduces the CCN values. The
particle size in crystallization mode reaches a maximum of 22 nm at IPs of 800 and 1000 bar but decreases to 15 nm at
1200 bar. Most fine particles fall in the 5-100 nm diameter range. High engine loads reduce the particle size distribution
in nucleation mode for both fuels, with a slight increase in particle size in nucleation mode. The study concluded that the
use of rapeseed methyl ester as an engine fuel benefits the environment and improves air quality due to the significant
reduction in the size, number, and concentration of nano-soot particles and total particles emitted from the engine.

KEYWORDS: Injection pressure; injection timing; nucleation and accumulation; particulate matter; premixed burn;
smoke number

1 Introduction

The growing global population and improving living standards have significantly increased the number
of vehicles reliant on fossil fuels, gives challenges to achieving net-zero emissions and the United Nations
Sustainable Development Goals (SDGs). Addressing these challenges requires transformative changes in
social and economic systems, alongside a fundamental shift in the global energy landscape [1]. Excessive
fossil fuel consumption has severely impacted air quality and exacerbated environmental issues such as
climate change and global warming. In addition, diesel engines usually emit only carbon dioxide (CO,) and
water vapor during combustion, real-world conditions result in incomplete combustion, leading to a range
of harmful emissions. To meet with global sustainability targets, researchers, designers, and automakers
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have introduced substantial advancements in engine design aimed at minimizing emissions and mitigating
environmental harm. These efforts are essential to fostering a cleaner, more sustainable future [2].

Of all the emissions from CI engines, fine particulate matter (PM) is certainly one of the most hazardous
and has gained increasing attention as measurement techniques have improved. Diesel engines are significant
sources of PM because when they burn fuel, 0.2 to 0.5 percent of the mass is converted into fine particulate
matter consisting of particles of 1 nm to 0.1 pm in size [3]. Such particles, when first dispersed in the air, pose
a risk to human and animal life, as demonstrated by mechanical and medical analysis. The composition of
PM mainly includes liquid H,SO, and organic species that have high volatility and condense during dilution
and cooling to form nanoparticles [4].

PM emissions include three main components: sulfate particles, soluble organic compounds, and
carbonaceous sorbents, or soot in general. Soot is produced chemically and physically, when large aromatic
hydrocarbons stick together and mix with carbon nuclei to form spherical or semi-spherical, round or
irregular masses. These particles are developed during the thermal decomposition of fuel in an engine, known
as partial combustion, where temperature and oxygen conditions favor the cleavage of the hydrocarbon
chain [5].

Soot emissions are detrimental to health because as a pollutant they contribute to diseases such as lung
cancer, respiratory diseases, and cardiovascular diseases. Current research shows that these emissions are
dangerous because they aggravate allergic diseases and affect major organs of the body. The formation of fine
particles occurs in two stages: the nucleation mode (Nuc). The first is the nucleation mode (>60 nm), where
either carbon or sulfur nuclei of nano-sized size are formed and the second is the accumulation mode, where
these nuclei grow and coagulate. The main parameters that regulate the size and number of fine particles are
injection pressure (IP), load, and injection timing (IT). The effect of these variables on the particle number
concentration and size distribution will be presented in the following sections [6].

Conditions such as chronic lung diseases, lung cancer and asthma, which are major causes of high
mortality, are associated with concentrations of particulate matter, especially PM10, PM2.5 and PMI. These
fine particles reach the lungs, clog the capillaries and cause severe health effects [7].

Biodiesel, which is produced from vegetable oils or animal fats by the process of transesterification,
consists of a mixture of monoalkyl esters of fatty acids and glycerol. It is renewable and emits low level of
hydrocarbons (HC), carbon monoxide (CO) and PM than conventional fossil diesel. Unleaded biodiesel and
biodiesel blends (B 100, B-20 and B-50, respectively) were environmentally friendly with minor changes in
nitrogen oxide (NOx). For example, EPA Tier II engines are further investigating CO,, HC, ethylene and
PAHs, which are reduced by 25% in a biodiesel blend, B25, at high loads but increase NOx [8].

Scientists have made biodiesel from a variety of feedstocks including cottonseed oil, waste oil, fish oil
and palm oil [9-11]. Although biodiesel boosts emissions, its combustion characteristics are not constant,
depending on the feedstock and blend level [12-15]. Compared to Diesel, exhaust emissions from pure
biodiesel slightly increase fuel economy and NOx while significantly eliminating hydrocarbon, carbon
monoxide and particulate emissions [16-19].

Modern investigations have also shown that the presence of nanoparticles, such as cerium dioxide,
in biodiesel blends results in better combustion properties and a 45.59% reduction in hydrocarbons and
carbon dioxide and 32.16% in carbon dioxide, accompanied by a very small increase in nitrogen oxides. The
incorporation of cerium dioxide also reduces the emission of polycyclic aromatic hydrocarbons (PAH) and
soot [20]. In another example, biodiesel from fish oil in its pure and blended form has been shown to reduce
soot and particulate emissions by 70%-90%, proving that higher oxygen content improves fuel oxidation.
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The literature review on biodiesel also includes studies on injector nozzle design with a focus on emissions
and IP along with IT, leading to improved engine performance from biodiesel and other fuel options [21-25].

After a critical evaluation of the literature, it was found that very little literature has focused entirely
on exploring the emissions from diesel engines during the combustion phase, especially soot. Although
there have been several attempts to study the performance of several types of diesel engines operating on
various types of biofuels or their blends with diesel and the effect of the main operating conditions on the
emitted pollutants. Due to this lack of information, experiments were conducted to measure the particulate
matter emissions under ultra-low sulfur diesel (ULSD) and RME operating scenarios inside the engine. This
experimental work aims to reveal the relationship between the combustion phase and the PM emissions and
covers the examination of changes in injection timing (IT), injection pressure (IP) and engine load as well.
From previous and recent studies, it was noticed that there are few studies that have measured the particulate
matter emissions during operating conditions, using current injection systems such as the high-pressure
injection system (HPIS), as in the present study. Such measurements would further expand this research area.
Current experimental attempts address the complex effects of injection techniques that include injection
strategies as well as procedure characteristics (IT, injection rate, IP, and injection strategies) targeted for PM
generation emitted from both the accumulation mode (Acc.) and nucleation mode (Nuc.). The following
important influence on the effectiveness of these strategies is analyzed in the section on PM sources and
distribution, with emphasis on concentration and size distribution.

2 Materials and Methods
2.1 Fuel Properties

Two fuels have been used in the current study: Rapeseed Methyl Ester (RME) and Ultra Low Sulfur
Diesel (ULSD). Shell Global Solutions provided the RME fuel. This fuel is used in petrol stations in the
United Kingdom and is approved for use by the authorities there due to its proven good performance and
low exhaust emissions compared to diesel. ULSD was purchased from local fuel stations in London. The
fuels’ properties (physical and chemical) are listed in Table 1. Both fuels were used in their neat condition
without any mixing. The fuel consumption is controlled by the Electric control unit, which changes the fuel
consumption according to engine operation variables such as speed and load.

Table 1: RME and ULSD Fuels specifications [13]

Specification Measuring unit Method Diesel (ULSD) Biodiesel (RME)
Chemical formula CiaHa6.18 Cis.96H35.2002
Cetane number - ASTM D7668-14 54 54.7
Density at 15°C (kg/m®) EN 12185 827 882.54
Viscosity at 40°C (cSt) EN ISO 3104 2.397 3.516
Lower calorific (M]/kg) 43.29 37.39
value (LCV)
Sulphur (mg/kg) 7 2
Aromatics (Wt%) 25 00
Carbon (Wt%) 87 76
H, (Wt%) 14 13
O, (Wt%) 00 11
Cloud point °C -9 -18

(Continued)
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Table 1 (continued)
Specification Measuring unit Method Diesel (ULSD) Biodiesel (RME)
Flash point °C 67 72
Ash content (Wt%) <0.005 <0.005

2.2 Test Rig and Accessories

The schematic diagram illustrated in Fig. | represents the rig used in the experiments. Ford Motor
Company makes the diesel engine used in the tests. The engine name is Puma engine, which is a direct
injection high-speed diesel engine. Each cylinder has four valves and is powered by twin camshafts. The
intake manifold with a straight cylinder feed, 2.0 L capacity, and 18.2:1 compression ratio (CR) is fitted with a
Garrett turbocharger. This engine is equipped with a Schenk Eddy dynamometer attached to the motor. The
dynamometer is used to control the torque subjected to the engine. The engine settings were controlled by
engine map writing and modification computer running GrEDI v 2.298.

. ECU Gredi PC
Common-rail system software o N
Lab View
PC
Q J Software
: (IO——T
ol Schenck eddy
current dynometer

Diesel fuel
tank
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- consumption
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Connection for
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Figure 1: Schematic diagram of the experimental setup

Electronic control unit (ECU) specifications can be directly manipulated using GrEDI software. A num-
ber of parameters can be controlled using this software, including injection timing (IT), injection pressure
(IP), boost pressure, and exhaust gas recirculation (EGR). The ECU monitors temperatures, pressures, flow
rates, and voltages, while GrEDI provides readings of these parameters. Secondary measurements can also
be used to verify these values. Engines powered by Puma are equipped with high-pressure injection systems
from Delphi Diesel Systems Ltd. (DDS). In addition to being able to work at high IPs such as 1600 bar,
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this rod can also operate at low pressures. An injection control unit (ICU) with common-rail fuel injection
system was used to regulates fuel injection pump pressure by which the right volume and timing of fuel is
injected. Before injectors are opened, ICU inputs like fuel pump temperature, common rail pressure, and
engine parameters are determined. The injectors have six holes (0.154 mm diameter) and a spray angle of
154°. It is possible to measure the pressure within cylinder No. 1 by installing a transducer (type Kistler 6125
piezoelectric). For the experiments, Brunel University developed LabVIEW version 6.0 to collect and save
cylinder pressure data. A hundred drive cycles were taken for each measurement. Two fuel tanks supply
were fed this rig and there was no mixing between the fuels. Each fuel was used as pure state in the test, as
illustrated above.

Engine load and speed are controlled by the W130 Schenck Eddy—which uses eddy currents to create a
magnetic field that causes the rotor to break. The dynamometer can control engine torque and speed. Exhaust
gas samples were obtained through the exhaust manifold pipe. Sample ports are drilled in several places of
the tube and provided with the necessary fittings for delivering samples to exhaust gas analyzers.

2.3 Particulate Matter and Smoke Measurements

A smoke meter equipped with an AVL 415S measures filter smoke number (FSN) has been used in
the tests. Automatic adjustment of the sample size or effective length is possible with this apparatus. With
its accuracy of 0.002 FSN, the device measures smoke numbers from 0 to 10. Zero number represents
the white paper filter and shows that the soot concentration is 0 mg/m’, while the number 10 represents
completely black paper, and the soot concentration is then 32,000 mg/m?. For all practicaluate measurements,
three samples were taken, and their average was considered as the result to be analyzed. To obtain the
exhaust particle size distribution, electrostatic motion spectrometry (EMS) was used in the experiments. It
is designed in three levels: EMS control center software, Internet-based control devices and smart devices.
Also, this device was uswd to measure the number and size of particulate in the exhaust pipe for RME and
diesel. The spectrometer used is flexible, and the platform can be easily extended with new peripherals. The
basic parameters of the measurement system used in the study for measuring PM emissions and distribution
are shown in Table 2.

Table 2: Basic parameters of the measurement system used in the study

Parameters Measurement’s system Using
ICU Electric control unit To control the injection strategies
AVL 4158 Smoke meter To measure the Filter smoke number
EMS Electrostatic mobility spectrometer To obtain the exhaust particle size
distribution
W130 Schenck Eddy Current dynameters To control the engine load and speed
FTIR Fourier-transform infrared To measure the exhaust gas emissions
spectroscopy

2.4 Data Analysis

Raw data and various measurements were collected using LabView in MATLAB and were stored for
later processing and utilization of relevant information. Engine load information and variables such as in-
cylinder pressure, start-of-combustion angle (SOC), peak pressure, and peak pressure angle can correlate
their effects on smoke and PM measurements.
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The cumulative concentration number (CCN) for soot particles can be calculated employing the
equation:

cen =" | -2 diap(i) )

n dN
dinD (i)

where: n—Consecutive particle diameter (number of channels). #}I)\](i) stands for Particle concentration

number, and dInD is the width of the size interval for a channel.

2.5 Uncertainty Analysis

By measuring the standard error (SE), inferential statistics determine how closely or fairly the sample
data represents for all experiments. Likewise, for standard deviation, which brings an understanding of
the dispersion of a single sample with several measurements, SE shows the changes and fluctuation in
measurement across multiple samples statistically. Standard deviations from the standard value of the devices
become known after calibration. Then, researchers can use these devices in practical experiments. The
equipment results shown in Table 3 show the standard error measurements of the devices used and the
unreliability rate was low (less than 3%), which means high measurement accuracy. In order to ensure
accuracy, the experiment was repeated at least three times and then a geometric mean was calculated.

Standard error =

Sl

where:

s \/Enl(xi —x_)

n-1

)

where: xi: a random variable, X: sample mean, and n: sample size.

Using standard deviation, the precision of a sample distribution can be measured with a statistical term.
In statistical terms, SE represents the deviation from the actual mean.

Table 3: The accuracy and uncertainty of the instruments used in the current study

No. Engine measurement Accuracy Uncertainty (%)
1 Load 1N +0.53

2 Speed +7 rpm +0.3

3 Flow meter (fuel) +0.15 cc +1.15

4 Thermocouples £1°C +1.1

5 Flow meter (Air) +0.09 bar +0.6

6 Smoke meter (AVL 415S) +0.2% +0.5

7 Electrostatic mobility spectrometer ~ +0.3% +£0.52

8 Current dynameters +0.25% +0.24

9 FTIR +1.2% +0.6

Table 4 shows the conditions under which experiments are carried out for the two tested fuels. Further,
under all operating conditions, measurements were taken three times, and the curves show the arithmetic
mean of these readings. Here, it should be noted that the injection timing —9°ATDC represents the start of
the injection, and this value represents the optimum injection timing for the reference fuel (ULSD).
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Table 4: The test conditions used in experiments

Variable Value
Load 2.5,5
Engine speed (rpm) 1500
Injection pressure (bar) 800, 1000, 1200
Injection timing *ATDC -9
Dilution ratio 32.5
Dilution gas temperature (°C) 300

3 Results and Discussion
3.1 PM Number Concentration and Size Distribution at Variable IPs

Injection pressure (IP) effects on the particle numbers, size, and distribution of the tested fuels ULSD
(Figs. 2 and 3) and RME (Figs. 4 and 5) at low and high engine loads. Most of the particle sizes measured
are from 5 to 100 nm in diameter. For ULSD fuels, at low engine loads (2.5 bar), the particle size is reduced
to a range of 5 to 40 nm with increasing IP (Fig. 2). This reduction indicates that increasing the IP decreases
the particle sizes during nucleation. At IPs of 800 bar and 1000 bar, the peak Nuc. M is at 22 nm while it
decreases to 15 nm at the IP of 1200 bar in the Nuc. M, the particles are formed during the dilution process
in the exhaust. During this process, a part of the semi-volatile particles in the Nuc. M is condensed on the
surface of the Acc. M particles can also volatilize into the nucleated particles as well. The synonymous trends
of RME combustion are the evidence as represented in Figs. 4 and 5. For instance, during low engine load
conditions, the peak Nuc. M will be the cause of emissions. The COS distance values reached 18 nm for both
the IPs 800 bar and 1000 bar, but they dropped to 15 nm with an IP of 1200 bar. On the contrary, when the
engine undergoes high loads, it produces a high peak level of Nuc. With an increment of pressure from 800
to 1000 to 1200 bar M was decreased from two nanometer (nm) to one nanometer (nm).

60,00,000 1 ULSD (2.5 BMEP)
—~ 50,00,000 A
"’E Injection pressure_800 bar
Eo/ 40,00000 4 {FGHR ----- Injection pressure_1000 bar
2 30,00,000 - — — —Injection pressure_1200 bar
kel
£ 20,00,000 -

10,00,000 +

0

10 100 1000
Diameter (nm)

Figure 2: At low engine loads, the effect of IP on ULSD particulate numbers and size distribution
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Figure 3: Particulate number concentration and size distributions for ULSD under high engine loads and variable IP
conditions
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Figure 4: Particulate number concentration and size distribution for RME at low engine loads and IP conditions
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Figure 5: Particulate number concentration and size distribution for RME at high engine loads and variable IP
conditions

Magno et al. [26] showed the existence of a reciprocal relationship between particles in the accumulation
and Nuc. Ms. Increasing the IP causes better fuel atomization, which enhances the fuel evaporation and
mixing with the air process; as a result, the combustion process improves, and the large particles emitted
(Acc. M) reduce the emitted soot. The PM in the accretion mode consists of groups or chains of particles
that are formed during the fusion and growth of particles (resulting from nuclei of products resulting
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from incomplete combustion). Nuclei sizes and concentrations are affected by combustion conditions,
coagulation, as well as the levels of aromatic hydrocarbon in the fuel composition [28]. Running the engine
at high loads (Fig. 3) makes larger quantities of fuel injected with the same intake air, so the particles
formed increase. Increasing the number of particles facilitates the coagulation process and increases its rates,
resulting in larger particle diameter formation.

The effect of IP on particles formed in the Acc. M is more pronounced than on the particles formed in the
Nuc. M. The number of particles formed in the Acc. M decreases with increasing IP. In this case, the burning
rate of the pre-prepared mixture increases with increasing IP, causing a significant reduction in the rate of
soot formation by limiting the growth of the nanoparticles and coagulating together to form larger smoke
particles. Furthermore, increased IP improves fuel atomization, which results in better fuel evaporation and
air mixture. This process leading to an improvement in the combustion quality and reduces the emissions
of large particles in the accumulator mode. The result of such a process is a reduced concentration of soot
emitted. The PM in the Acc. M consists of formed chains or nuclei that fuse and grow in the zones where
rich fuels form and result in an incomplete combustion. The particulates (size and concentration) depend
on the oxidation levels, coagulation rates, and the aromatic hydrocarbon content of the fuel.

Figs. 6 and 7 compare the results obtained in the previous figure for both fuels. For RME, the number
of smaller nucleation particles is higher than the ULSD condition for all operating conditions of the research
engine (Fig. 6), while for ULSD, the Acc. M particulates are higher than the RME state (Fig. 7). The sulfur
content of the RME is very low which result in the reduction of nucleation. The absence of aromatic
hydrocarbons (which facilitates the dissolution of organic parts) reduces condensation and absorption on
the surface of soot particles. Second, RME is characterized by its high viscosity, which causes fuel drops to be
slower than to the diesel. Also, it is low rate of mixing with air in multiple (local) zones within the combustion
chamber, causing an increased amount of Nuc. M particles generated. RME contains high oxygen levels in
its composition, which is an important factor in reducing the size of carbonic particles. Zheng and Cho [27]
showed that the operation of a biodiesel combustion engine and its blends with diesel resulted in particulate
concentrations in the Nuc. M higher than the engine operating condition with a neat ULSD. They also found
that biodiesel and its mixture with diesel produced low particulate concentrations in the Acc. M (especially at
high load). The effects of the abundance of oxygen, high viscosity, and the absence of aromatic hydrocarbons
interfere with each other and the result is growth in the number of particles formed in the Nuc. M. This result
agrees with the results of [28].
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Figure 6: Atlow loads, the impact of IP on RME and ULSD particulate number concentration and size distribution
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Figure 7: At high loads, the impact of IP on RME and ULSD particulate number concentration and size distribution

Eq. (1) makes it possible to calculate CCN, which facilitates calculating the cuamulative number of Nuc.
M and accumulation according to particle sizes. In this study, particulates with (dia. < 40 nm) were adopted
as Nuc. M emissions and particulates with (dia. > 40 nm) as Acc. M emissions. Figs. 8 and 9 show the
relationship between IP and CCN for both nucleation and Acc. M s at different IPs for both types of fuel. Fig. 8
shows that the nucleated CCN values of RME are higher under most conditions, while the accumulation
CCN values of ULSD are higher. By increasing the IP, the combustion quality improves, and all CCN values
decrease. In general, CCN values at low loads (Fig. 9) are less than their values at high loads, especially at high
IPs. This result is due to enhancements in the fuel premixing process at these mixing ratios, which results in
a higher premixed combustion rate.
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Figure 8: IP effect on CCN for total and Nuc. and Acc. Ms at high load
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Figure 9: Effect of IP on CCN for total and Nuc. and Acc. M at low load

3.2 Load Effect on Particle Number Concentration and Size Distribution

Figs. 10-12 exhibit the effect of engine load variation on the PM number size distribution for USLD
(Fig. 10) and on the RME (Fig. 11). The experiments were conducted at fixed engine speed (1500 rpm),
constant IP (800 bar) and constant IT (-9°ATDC). USLD curves show that most of the measured particles
are between 5and 100 nm in diameter. As the load increases, the number of nucleated particles with diameters
(d < 40 nm) decreases. The peak of the Nuc. M appears at 22 nm. In the accumulator mode, the particle
number values for the diameters converge from 40 to 67 nm, and there is a limited increase with increasing
motor load. About 75% of the fuel burned is premixed, which reduces nucleation and coagulation to form
larger PM. However, at high engine loads, more fuel is burned to ensure a constant speed, causing higher rates
of particulate formation. The number of particles formed increases results in increasing the coagulation rate,
forming particles of larger diameters and sizes. At high engine loads, the air/fuel ratio reduces by increasing
the amount of fuel injected at the expense of excess oxygen. The combustion chamber temperature also
increases with increasing engine load, which enhances combustion/re-combustion of particles inside the
combustion chamber prior to their exit from the exhaust valve, as a result of which their concentrations
were decreased significantly. Srivastava et al. [29] stated that of all engine variables, temperature has the most
important influence on particle formation as the combustion chamber temperature increases the rates of
reactions related to the formation of soot and its oxidation. Lapuerta et al. [30] indicated that the increase in
the oxidation rate is more evident with the increase in combustion chamber temperature compared to the
rate of particle formation. Under these conditions, pressure and temperature levels rise, which promotes the
growth of new soot nuclei. When the engine is running at low loads, the levels of particles formed in the Nuc.
M were decreased as a result of their accumulation. Fig. 11 shows similar behavior when running with RME,
the peak Nuc. M is on the order of 18 nm.
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Figure 10: Load variation effect on PM concentration and size distribution for ULSD
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Figure 11: Load variation effect on PM concentration and size distribution for RME
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At medium and high engine loads, the effect of the load on the Nuc. M is limited, as the particle
number concentrations are very close. An increase in particulate emissions is observed in the Nuc. M from
RME combustion compared to the ULSD combustion in the engine, while these concentrations in the
accumulating mode are higher when working with ULSD compared to RME. Schneider et al. [31] investigated
the composition and size of PM were studied using mass spectrometry. The study showed that running the
engine with ULSD allowed the condensation of low-volatile and semi-volatile hydrocarbons when only the
particle accumulator was set to form larger particle-size particles. This result is related to the engine load, at
high loads, the exhaust gas temperature rises, which facilitates the increase in the rates of PM formation.

Fig. 13 demonstrates the influence of engine load on CCN in both nucleation (Nuc) and accumulate
(Acc) modes through the use of test fuels. As engine loading increases, the effect of nucleated CCN is reduced
for both fuels while the mass concentration of CCN goes up. The outside-in coagulation may change around
the higher engine loads since the coagulation speed of the particulates is faster at the condition, and larger
particle agglomerates will be formed. Apart from that, fewer particles of Acc. M mode accrual comes from
RME, and the initial number of above 40 nm particles is minimized. This reduction is due to the properties
of RME to displace part of the oxygen contained in HFO as well as several other additives.

= Injection Pressure (800 BMEP)
SE+010 : ULSD
nucluﬂ'-?li [ =
accumulation I

. R - 4E+009
2
E 6E+010 o
g o
z &
- 3
s £
- o
8 4E+010 4 g
(- [+
2 ~ 2E+009 E
= Q
Q o
o

2E+010

0E+000 0E+000

Load (bar)

Figure 13: Effect of load on CCN for total and nucleation & Acc. M

4 Conclusions

In this study, the effect of a number of compression ignition engine operational variables (namely IT,
IP, and engine load) effects was examined on the particulate size distribution of ULSD and RME fuels. The
main conclusions from the current study were summarized as follows:

o  Effect of IP variation: IP affects particle count and size with reference to the type of fuel tested and engine
loads. It is observed that in the nucleation process at low engine loads, such as 2.5 bar with ULSD fuel
and with increasing IP, particle sizes decrease and fall in the range of 5 to 40 nm. The primary peak mode
is observed at 22 nm for injection pressures of 800 bar and 1000 bar and decreases to 15 nm for IP of
1200 bar.
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o Effect of changing engine load on PM number size distribution: For USLD fuel, with increasing load,
the number of particles less than 40 nm in diameter is reduced, and the nucleation mode is at 22 nm,
which represents Nuc. M. As for the accumulation mode case, the particle numbers increase in the range
from 40 to 67 nm, with a marginal increase as the engine load increases. Higher loads cause the engine
to burn more fuel to maintain speed; Thus, more particles are formed, and with a high probability of
coagulation, large particles are formed. Similar trends are also seen in RME fuel, where the maximum
nucleation position is at 18 nm. This means that at medium and high loads, the load slightly modifies
the RME nucleation mode, and the concentrations are approximately equal to the number of particles.
Nucleation mode particles are emitted by RME than by ULSD, but ULSD produces more particles in
accretion mode.

o The CCN values of RME in the Nuc. M were higher in most cases, while the CCN values of the Acc. M
of ULSD were higher. Furthermore, all CCN values decreased with increasing IP. When changing the
engine load, the size distribution of the measured particle number was in diameters from 5 to 100 nm.

According to the findings from this study, it can be concluded that the using rapeseed methyl ester as
a fuel in the engine was beneficial for the environment and health issues due to the significant reduction
in the size, number and concentration of soot nanoparticles and total particulate matter that emitted from
the engine. Furthermore, the higher oxygen content in the RME properties enhances the oxidation of
nanoparticles inside the cylinder during combustion and through the exhaust pipe as well as when move it
to the environment.
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Nomenclature

Acc. Accumulation mode
ATDC  After top dead center
CAD Crank angle degree
EOC End of combustion
EOPMB End of premixed burn

ID Ignition delay

ULSD  Ultra-low sulfur diesel

k The resolution of the heat release rate expressed in 1/measured points in 0.125 CAD
m; Fuel mass flow rate

Nuc. Nucleation mode
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Engine output power
The in-cylinder pressure

PMBF Premixed burn fraction

Qht

= Z<525%
e

Convective heat transfer to the cylinder walls
Start of combustion

Start of injection

Smoke Number

Internal energy

The cylinder volume

Work output
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Crank angle degree
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