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KEYWORDS ABSTRACT

Diesel injection nozzles are precisely machined in the
micrometre order to produce a fine fuel spray that is
crucial for the engine’s combustion and emission
efficiency. This paper studies the deposition in a single-
cylinder 4-stroke diesel engine fuel injector nozzle hole
using higher blended biodiesel blends. Using B10 and B30,
palm biodiesel blends in two separate engine runs, two
sets of injectors are collected. The injectors are cross-
sectioned to reveal the nozzle hole of the injectors.
Scanning electron microscope (SEM), profilometer and
electron dispersive X-ray spectroscopy (EDS) analysis of
the injector hole surface are presented. The deposit
structure is more precipitate type near the inlet and
changes to multi-layered type near the outlet. The
deposition in the fuel injector hole using a higher biodiesel
percentage (B30) produce deposits with a bigger
diameter as indicated by the 70% increase in average
surface roughness than the deposition in the B10 injector
hole.
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Nomenclature

ASTM American Society for Testing and Materials

B10 10% by volume of palm biodiesel with fossil diesel
B30 30% by volume of palm biodiesel with fossil diesel
SEM Scanning electron microscope

EDS Electron dispersive X-ray spectroscopy

co Carbon monoxide

CO- Carbon dioxide

PM Particulate matter

UHC Unburned hydrocarbon

RPM Revolutions per minute

SEI Secondary electron

BSE Back-scattered electron

Ra arithmetical mean roughness

Ry Maximum height roughness

Rz Ten-point mean roughness

1.0 INTRODUCTION

The challenges to human society nowadays in tackling climate change is largely hindered by
the insatiable consumption of natural resources to power human'’s daily life. The use of fossil fuel
in many aspects from power generation, manufacturing and transportation is putting a toll on the
environment from the production of greenhouse gases and other pollutants, causing global
warming and health hazards (Abdullah et al., 2020). Recently, many communities around the
globe are at risk of larger sized natural disasters such as floods and landslides when the delicate
balance of the ecosystem is disturbed (Nicholls et al.,, 2021).

With the rising usage and imminent limited supply of fossil fuel, as well as mitigating the
environmental impact of fossil fuel, the research society is geared towards finding more
sustainable fuel sources. Biodiesel is regarded as the greatest contender for replacement mineral
diesel in the transportation industry as it is easily adaptable to the existing vehicles (Dhar &
Agarwal, 2014; Habibullah et al., 2015; Schemme et al., 2017). Transesterification of vegetable
oils or animal fats permits fatty acid methyl or ethyl ester synthesis, typically termed biodiesel,
which has similar physical qualities as mineral fuel (Kathpal, 2011).

The fundamental advantage of biodiesel is its compatibility with mineral fuel, allowing easy
blending and substitution. Additionally, the inclusion of oxygen in the chemical structure of
biodiesel allows complete combustion creating substantially lesser unburned hydrocarbon
(UHC), carbon monoxide (CO), carbon dioxide (COz), sulfur dioxide (SO2) and particulate matter
(PM) emission (Abed et al., 2017; Sudrajat et al., 2020). It is also simply created from the mixing
process and can be produced from several easily accessible feedstock (Mofijur et al., 2013;
Unglert et al., 2020).

Despite these advantages, there are various problems with the usage of biodiesel in the engine.
The biodiesel chemical composition includes corrosive and reactive components, which may
cause faster depreciation of the engine components (Chandran et al., 2018; Fazal et al., 2014). The
biodiesel physical qualities, such as viscosity and density, can affect the fuel injection process,
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spray formation and droplet size (Slavinskas et al., 2018; Vinod Babu et al., 2017). Additionally,
as biodiesel reacts with oxygen, it can create peroxide, organic acids and sticky sediments, causing
sticking and deposition in the engine components (Komariah et al,, 2018).

The fuel delivery system is a major vehicle system component since it determines its fuel
efficiency and emissions. As technology improves to a more efficient system, injector nozzle holes
diameter drops dramatically to generate better fuel spray. A common difficulty in a fuel injection
system is internal injector deposit deposition. Careful design of the fuel injector ensures the
proper creation of fuel spray, which is usually characterised by the spray length and droplets size,
which is vital for complete combustion and cleaner emission. However, deposit accumulation in
the fuel injector is likely to generate bigger fuel droplets, causing inefficient burning, increasing
pollutant emissions, and diminishing fuel efficiency. In addition, injector internal deposit
accumulation can cause failure in the injector charging mechanism, resulting in high maintenance
costs and frequent replacement (Ueda et al.,, 2016). As more rigorous emission rules are adopted
globally, there is an urgent need to research the formation of internal injector deposits (Hoang &
Le, 2019a; Ho6k & Tang, 2013).

The study of deposition in the engine from using biodiesel have mostly dealt with deposition
that occurs in the combustion chamber and on the surface of the fuel injector (Birgel et al., 2011;
Liaquat et al.,, 2014; Reddy et al,, 2018). The deposition that occurs inside the injector hole is
significant as it could directly affect the fuel spray characteristics. The deposition mechanism in
the injector hole differs from combustion chamber deposit as they are not directly exposed to
combustion flame and heat, and is more dependent on the fuel physicochemical properties
(Hoang et al,, 2019). The small injector hole shape, usually about 100 um magnitude, offered a
challenge to investigate the interior hole deposition. Although various studies have successfully
investigated internal hole deposition via x-ray spectroscopy, none has focused on deposition from
the usage of palm biodiesel blends, which is necessary for the achievement of the Malaysian
Biodiesel Mandate (McGilvery et al., 2020; Rounthwaite et al.,, 2017). Therefore, the current
investigation evaluated the deposits created in the injector hole when using a higher proportion
of palm biodiesel is blended in the fuel. Analysis of the deposit formation in the injector hole can
provide valuable data on the possible spray characteristics and the overall engine performance
when a higher palm biodiesel blend is used.

2.0 EXPERIMENTAL PROCEDURE
2.1 Materials

This study combined palm biodiesel with fossil diesel fuel at 10 and 30 % volume. Therefore,
both samples are B10 and B30, respectively, depending on the blended palm biodiesel % volume.
Samples are stored in a sealed container at ambient temperature, with as little exposure to light
as feasible.

2.2 Method

The study covers four steps. In the first stage, the biodiesel-blend characteristics were
measured using American Society for Testing and Materials (ASTM) standards. Then, an engine
run experiment was undertaken for each fuel type. Next, injector samples are taken from the
engine run experiment and cross-sectioned to examine the surface wear of the injector nozzle
holes. Finally, a microscopic study was undertaken by measuring the injector hole surface
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roughness using a profilometer, and spectroscopic analysis of the injector hole was conducted
using Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS).

2.3 Properties Testing

The biodiesel-blend samples were examined for their primary physical properties: density,
kinematic viscosity, flash point and water content. These were assessed using the ASTM standards
stated in Table 1.

Table 1: ASTM standard referred for testing the physical properties of the biodiesel blends.

Properties (Unit) ASTM
Density, p (g/mm2) ASTM D4052
Kinematic viscosity, (cP) ASTM D751
Water content (ppm) ASTM D2709
Flash point (°C) ASTM D93

The density of the biodiesel blend was evaluated using a hydrometer. Measurements were
taken three times, and the average value was calculated. First, measurement of the dynamic
viscosity was done using a Brookfield Viscometer. Then, the kinematic viscosity was determined
using the dynamic viscosity and density value. Next, a handheld infrared oil analyser, FluidScan
1000 Series, tested the fuel blend water content. Finally, the flashpoint was determined using the
SETA Series 3 Closed Cup Flash Point Tester.

2.4 Engine Test Experiment

The engine test experiment comprises running a single-cylinder constant speed diesel engine
utilising the two types of palm biodiesel blends, the B10 and B30. Sample injectors were sourced
from a 1-hour engine test in a single-cylinder Esaco diesel engine model 178FA. The engine was
warmed up before the test began. Throughout the test, the experiment was conducted at ambient
temperature. A brand-new injector is fitted before testing each biodiesel blend. During the
experiments, the fuel and the air temperature was at room temperature. The engine speed was
always steady at roughly 2400 RPM. Further details of the test matrix are given in Table 2.
Injectors are then imaged using a high magnification visualiser before being cross-sectioned
utilising a wire electric discharge machining process.

Table 2: Test matrix for the experimental work.

Test No Fuel Load Cycle Fuel Temperature Air Temperature
Composition (°C) (°C)

1 B10 Constant 30 30

2 B30 Constant 30 30

2.5 Injector Nozzle Cross-Sectioning

The injector nozzle hole has a very small diameter and requires a high precision cutting
procedure. The placement of injector sectioning is depicted in Figure 1. In this work, the injectors
were cross-sectioned using a submerged wire cutter. First, the placement of the nozzle hole is
determined. Then, by subtracting the wire cutter diameter and nozzle hole radius from the
magnitude of the injector radius, the wire cutter displacement can be obtained. The cross-
sectioned injectors were then cleaned using a high-pressure air blower and placed in an ultrasonic
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bath for 5 minutes before leaving to air dry for 1 to 2 hours. The cross-sectioned and cleaned
injectors are then evaluated using spectroscopic analysis explained in the next section.

Figure 1: Process of cutting the injector to expose the injector hole (a) the injector tip is shown in
the red circle (b) the cutting axis shown in yellow line is located at the hole to expose the nozzle
hole (c) final cut injector showing nozzle hole at the injector tip.

2.6 Spectroscopic Analysis

Wear morphology and characterization investigation of the injector hole surface using
scanning electron microscopy (SEM). Images studies were obtained using Jeol Scanning Electron
Microscope coupled with energy dispersive x-ray spectrometer (EDS). In this methodology,
secondary electrons (SEI) from material irradiated with a fine electron beam yield numerous
signals that can be used to describe the surface topography. SEM can also be done using the
backscattered electron (BSE) mode, detecting the compositional difference in the examined
sample. BSE gives visual information based on grey-scale intensity between chemical phases. A
specimen with a higher atomic number will generate a higher intensity of backscattered electrons.
The generated image will have different brightness based on the specimen composition. In this
investigation, both SEI and BSE images were employed to characterise the injector surface.

The elemental composition of a sample is determined using the characteristic X-ray spectra of
the specimen being investigated. The elemental analysis was performed in a “spot mode” where
the beam is localised on a specific location manually chosen within the range of view. By
combining SEM with EDS, site-specific chemical analysis can be done for the region of interest.
This approach permits the identification of most items and their position. The location is depicted
on the given SEM pictures by a box. The EDS detector was capable of identifying elements with an
atomic number equal to or greater than six. Therefore, the intensity of the peaks in the EDS is not
a quantitative measure of elemental concentration, but relative amounts can be extrapolated from
relative peak heights.
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The injector samples were trimmed to 10mm in length and were joined to a multi-stub sample
holder using double-sided conductive copper tape, following which it was mounted onto the
specimen chamber. The specimen chamber and column were kept under vacuum. After reaching
the vacuum target, the electron gun was activated and accelerating the voltage of 20 kV, probe
current of 227 pA, and a working distance of 8.5 mm was preserved during the entire process.

2.7 Surface Roughness Measurement

Measurement of the injector hole surface roughness was done to determine the changes and
severity of deposit formation. Measurement of surface roughness is typically done using a
profilometer divided into two types: contact and non-contact profilometer. A contact profilometer
uses a minuscule probe that touches the surface and detects the changes in surface height.
However, this method has a setback as it can sometimes miss areas smaller than the probe
diameter. A 3D non-contact profilometer uses laser and reflected light to measure the changes in
surface heights and thus is more reliable. The measurement of surface roughness is presented in
several forms, namely the arithmetical mean roughness (Ra), maximum height roughness (Ry),
and ten-point mean roughness (Rz). Ra give the average surface roughness while Rz measures the
porosity of the surface. In this study, the 3D non-contact profilometer is used to measure the
surface roughness of the injector hole at both the inlet and the outlet.

3.0 RESULTS AND DISCUSSION

3.1 Fuel Properties

Measurement of the biodiesel blends fuel properties used in this study is presented in Figure
2. Overall, the density, kinematic viscosity and flashpoint of the B10 is lower than B30. Higher
biodiesel volume percentage in the blend contributed to higher fuel density. The higher density
and kinematic viscosity are due to the higher degree of saturation and longer chain length in palm
biodiesel compared to mineral diesel (Ali et al., 2017). In contrast, the B10 blend's water content
is higher compared to the B30. Water content in biodiesel blend is expected to be lower in blends
with a lower concentration of unsaturated bond (Jakeria et al., 2014). However, the presence of
oxidation products might attract more moisture and cause higher water content. This suggests a
higher oxidation product in the B10 blend compared to the B30 blend used in this study.
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Figure 2: Comparison of the physical properties of B10 and B30 biodiesel blends.

3.2 Injector Visual Inspection

Visual inspection of the injectors was done to check on deposit build-up on the injectors. Figure
3 shows a close-up view of the injectors after a 1-hour engine run. The inspection presented no
significant difference between the two injectors. However, there seems to be more soot
accumulation on the injector for the B30 blend compared to the B10 blend.

Figure 3: Close up view of the injectors before cross-sectioning. Injector used during B10 run on
the left and B30 on the right.

103



Jurnal Tribologi 33 (2022) 97-112

3.3 Scanning Electron Microscopy (SEM)

Machining fuel injector nozzle demands great precision due to the requirement to generate
several small diameter holes <300 um with thick walls. Some injector holes are built with a
tapered diameter to create a hydraulic environment that favours cavitation to produce finer spray
droplets (Hao, 2013). The shape of the injector hole employed in this investigation measures
around 200 pm, with no taper. Usually, machining of these tiny holes was done using laser, which
forms stripes from recast layers on the injector hole wall (Blauetal., 2011).

Cross sectioning of the B10 injector has exposed the nozzle hole over its entire length. Figure
4 shows the cross-sectioned nozzle hole of the B10 injector on the left, with the image from SEI
mode in the middle and BSE mode on the right. The tapered shape of the injector is due to small
misalignment during the wire-cutting operation. Observation of the injector wall surface shows
the wall is coated with precipitate or spherical type deposits with a diameter of roughly 1 um.
This deposition is consistent throughout the injector hole surface from the inlet to the outlet. At
the B10 injector hole exit, a cluster of bigger diameter precipitates is discovered, with a diameter
in the order of 10 um. The BSE image of the injector wall surface at the inlet and outlet reveals a
uniform brightness across the surface, with a slight shadow due to the injector hole curvature,
indicating an overall uniform wall deposit composition throughout the injector hole.

Figure 5 shows the cross-section nozzle hole of the B30 injector. The precipitate deposition on
the B30 injector hole surface appears to be two times greater in diameter than those in the B10
injector hole. The location of the depositions is localised at the machining burr lines on the
injection hole wall surface. Larger sized depositions clusters are also found in both injector holes.
However, in the B10 injector, these depositions are positioned near the hole outlet. While in the
B30 injector hole, they are situated more towards the centre of the injector hole. The overall
finding suggests higher biodiesel blend will give less deposition in the inner wall of the injector.
However, the issue of the multi-layered deposition at the injector outlet should still be addressed.

Figure 6 gives the details of multi-layered deposition near the injector hole outlet of the B30
injector hole. The deposition near the outlet when using B30 seems to be more severe with multi-
layer deposition is seen. A 1,500x magnification near the hole outlet shows a secondary deposition
layer on top of the precipitate deposition. When seen using BSE mode, the secondary layer
indicates it is made up of a different composition than the first layer of deposition. The higher
temperature at the injector outlet and poor fuel atomization produces a multi-layered deposition
structure from film type deposits produced from incomplete combustion product (Dearn et al.,
2014). The temperature effect can also induce speciation of higher mass carbonaceous ions which
can partly explain the differing deposit composition and type (Edney et al, 2020). The
composition of the deposition layer is explained in detail in Section 3.4 by using EDS analysis.
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Figure 4: SEM image showing the surface characteristics of the B10 fuel injector hole internal wall.
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Figure 5: SEM image showing the surface characteristics of the B10 fuel injector hole internal wall.

105



Jurnal Tribologi 33 (2022) 97-112

SEM Close up Result for B30 Injector Hole Outlet__
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Figure 6: Multi-layer deposition near the outlet of the B30 injector hole.

Based on the observation of the SEM images, some correlation between fuel physicochemical
properties and deposit formation mechanism in the fuel injector hole can be derived. In the B10
injector hole, the deposit forms mostly in precipitate type and is uniform from the inlet to the
outlet of the injector hole. Similarly, for the B30 injector, a precipitate type deposit is seen along
the injector hole wall, with a multi-layered type deposit near the outlet. Formation of the
precipitate type deposit is suggested by Alves-Fortunato et al to be from oxidation products which
are formed in the liquid phase of the fuel/ these precursor to deposit is not induced by the surface
in contact with the fuel (Alves-Fortunato et al., 2020). The amount of auto-oxidation is more
prevalent in biodiesel compared to fossil diesel, therefore it is observed B30 injector hole has to
sustain bigger and thicker deposit formation compared to the B10 injector. This can be confirmed
by the EDS and profilometer data in the next section. The second type of deposit structure, which
is the multi-layered deposit structure is seen at the outlet of the B30 fuel injector hole is influenced
by the higher kinematic viscosity and density of the B30 blends. The higher kinematic viscosity
produces a less volatile mixture which can produce larger fuel droplets in the fuel spray, allowing
more time for the deposit to form near the injector outlet (Hoang & Le, 2019b). In contrast, the
B10 injector outlet does not show this type of deposition due to its lower kinematic viscosity.

3.4 Energy-Dispersive X-Ray Spectroscopy (EDS)

From SEM analysis in the previous sections, the general pattern of the deposit structure is
similar between the two injectors, with the deposit structure changing from precipitate type to a
multi-layered type from the inlet through to the outlet of the injector. This is in agreement with
findings from other research (Rounthwaite et al,, 2017). In this section, the chemical composition
of the deposit on the injector hole surface is going to be analysed using EDS.
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Figure 7 shows the material composition at the B10 inlet and outlet. At the inlet, the overall
nozzle wall is covered with deposits. EDS analysis at the B19 injector inlet indicates the presence
of Chromium, Iron, Manganese and Terbium. These compounds are materials that make up the
alloy of diesel fuel injectors (Allocca et al., 2021; Molnar, 2007). Detection of these materials
indicates the surface of the original injector wall is not fully covered by the carbon deposits. This
composition is observed to be uniform from the inlet to the outlet.

However, some depositions are much larger in diameter near the outlet, as seen on the right
of Figure 4. These bigger-sized depositions have covered the injector wall surface as indicated by
EDS reading, which does not detect chromium and other metals that make up the injector
material. The oxygen content of these larger sized depositions is double the ones detected at the
inlet. Lastly, from Figure 8, the top layer of deposit at the B30 injector outlet shows a highly
carbonaceous deposit (65.67%wt C). This layer is formed when there is incomplete combustion
of the injected fuel, forming a film type deposit on top of the precipitate type deposit (Hoang et
al,, 2019; Yusmady, 2009)

B10 Inlet ) ; B10 Outlet
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Figure 7: EDS analysis of the deposition composition of the B10 injector hole wall surface.
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Figure 8: EDS analysis of the deposition composition of the B30 injector hole wall surface.

3.5 Profilometer

Table 3 shows the measurement of the injector hole wall roughness. The measurement is given
in terms of average roughness (Ra) and the ten-point height (Rz), which measured the difference
between the average of the highest five peaks and the lowest five valleys of a surface roughness
profile. The R, measurement of the B10 and B30 hole injector surface show the roughness in the
B30 injector is 70% more rough compared to the B10 injector hole surface. Meanwhile, on
average, the Rz value for the B30 injector hole is 82% more compared to Rz on the B10 injector
hole. This means the surface in the B10 injector hole has more uniform surface roughness
compared to the B30 injector hole. This is in agreement with the observation in the SEM images,
which shows the deposition in the B10 injector hole has smaller diameters and is more uniform
while the deposits in the B30 injector has bigger diameters.

Table 3 Surface roughness measurement of the nozzle hole at the inlet and outlet.

Ra [pm] Rz [pm]
B10 Inlet 1.07 5.23
B10 outlet 1.17 5.87
B30 Inlet 1.83 9.53
B30 outlet 1.97 10.90

The profilometer reading indicates the surface roughness of the fuel injector hole is increased
when using the B30 blend. The increased surface roughness can affect the spray characteristics
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from the turbulence-induced mechanism. A previous study on palm biodiesel fuel spray observed
similar spray characteristics (spray angle and penetration length) with diesel fuel (Bohl et al,,
2017). However, the spray characteristics are outside of the scope of this study and will be
addressed in a future study.

CONCLUSION

Based on the experimental results, the influences of a higher percentage of palm biodiesel in
the biodiesel-diesel blend (B30 vs B10) on deposit formation in the fuel injector hole were
evaluated. The findings were summarized as follow:

(a) SEM analysis of the B10 and B30 injector surface wall shows a precipitate type deposit

that can be formed from oxidation product in the fuel blend.

(b) A multi-layered deposition structure observed in the B30 fuel injector can be due to the
B30 fuel higher kinematic viscosity and density, which produce bigger fuel droplets,
allowing more deposits to be formed.

(c) EDS analysis indicates the deposits n B30 fuel injector hole is thicker as the original
material of the fuel injector is not detected.

(d) This is confirmed from profilometer analysis, which shows the B30 injector hole has 70%
increase in surface roughness and 82% increase in porosity.

As the current study only dealt with short term engine runs, future studies which include
longer engine runs will be beneficial to see the deposition growth process in the fuel injector from
prolonged use of higher biodiesel blend. The effect of turbulence and deposit washout on the
overall injector hole deposition might not be accounted for when the test was run in a short time.
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