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Abstract: With the implementation of the ISO 8217-2024 marine fuel standard, the use of high-
concentration biofuels in ships has become viable. However, relatively few studies have been
conducted on the effects of biofuels on the cylinder lubrication performance of low-speed, two-stroke
marine diesel engines. In this study, catering waste oil was blended with 180 ¢St low-sulfur fuel oil
(LSFO) to prepare biofuels with volume fractions of 24% (B24) and 50% (B50). These biofuels were
evaluated in a MAN marine diesel engine under load conditions of 25%, 50%, 75%, and 90%. The
experimental results showed that, at the same engine load, the use of B50 biofuel led to lower
kinematic viscosity and oxidation degree of the cylinder residual oil, but higher total base number
(TBN), nitration level, PQ index, and concentrations of wear elements (Fe, Cu, Cr, Mo). These results
indicate that the wear of the cylinder liner-piston ring interface was more severe when using B50
biofuel compared with B24 biofuel. For the same type of fuel, as the engine load increased, the
kinematic viscosity and TBN of the residual oil decreased, while the PQ index and concentrations of
Fe, Cu, Cr, and Mo increased, reflecting the aggravated wear severity. Ferrographic analysis further
revealed that ferromagnetic wear particles in the oil mainly consisted of normal wear debris. When
using B50 biodiesel, a small amount of fatigue wear particles were detected. These findings offer
crucial insights for optimizing biofuel utilization and improving cylinder lubrication systems in
marine engines.

Keywords: biofuel; marine diesel engine; cylinder lubricating oil; wear

1. Introduction

To reduce greenhouse gas (GHG) emissions from ships, the International Maritime Organization
(IMO) revised and adopted the 2023 IMO Strategy on Reduction of GHG Emissions from Ships. This
strategy mandates that international shipping achieve at least a 40% reduction in CO, emissions by
2030 relative to 2008 levels and attain net-zero GHG emissions by approximately 2050 [1,2]. To
comply with these emission reduction targets, the shipping industry has predominantly
implemented strategies encompassing alternative marine fuels/energy sources, energy efficiency
improvements (including both technical and operational measures), and carbon capture, utilization,
and storage (CCUS). Current viable alternative fuels and energy solutions for ships include biodiesel
[3-6], liquefied natural gas (LNG) [7], methanol [8], ammonia [9-11], hydrogen [12], and solar energy
[13].

Biodiesel is predominantly produced from vegetable oils, animal fats, waste cooking oils, and
other biological feedstocks via transesterification with methanol or ethanol to form fatty acid methyl
esters (FAME), or through hydrodeoxygenation and hydroisomerization processes to generate
hydrocarbon-based fuels (HVO) [14-16]. Characterized by low calorific value, low carbon-to-
hydrogen ratio, and negligible sulfur content, biodiesel emerges as an ideal alternative marine fuel
due to its abundant availability, renewability, and minimal environmental impact. Biodiesel
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performs similarly to conventional petroleum-based fuels and can be used directly in existing marine
diesel engines without any modifications to their structure or fuel systems [17]. Additionally,
biodiesel can be blended with conventional marine fuels at arbitrary ratios to produce biofuel blends
of varying specifications. For instance, B24 biofuel denotes a 24% (v/v) FAME blend with 76% marine
fuel oil. With the promulgation of ISO 8217:2024 (Marine Fuels), the previous 7% blending restriction
for biodiesel in marine fuels has been eliminated, allowing both distillate and residual marine fuels
to contain up to 100% FAME [18]. Consequently, as a promising alternative marine fuel, investigating
the impacts of high-concentration biodiesel on the performance of large low-speed marine diesel
engines holds significant scientific and engineering importance.

Large low-speed two-stroke diesel engines are widely employed in various large marine vessels
owing to their high power output, superior fuel economy, and reliable operation. To mitigate SOx
emissions and carbon intensity in marine applications, these engines can utilize residual or distillate
marine fuels blended with biodiesel at varying concentrations [19,20]. Current domestic and
international research on the impact of biodiesel blends on large marine diesel engines mainly focuses
on combustion characteristics and emission performance. Studies have shown that biodiesel can
significantly reduce emissions of hydrocarbons (HC), particulate matter (PM), carbon monoxide
(CO), and SOx [21-24]. For instance, Nghia et al. [25] employed AVL-BOOST simulation software to
investigate the impacts of varying biodiesel blend ratios on engine combustion and emissions. They
found that increasing biodiesel content reduces CO and soot emissions but elevates specific fuel
consumption and NOx emissions under the same load conditions. Wu et al. [7] utilized AVL FIRE
software to simulate the combustion process in a low-speed two-stroke marine diesel engine fueled
with pure diesel and three biodiesel blends (B5, B10, and B15). The results confirmed the good
compatibility between marine diesel engines and biodiesel fuels, showing that exhaust gas
recirculation (EGR) technology can simultaneously reduce NOx and soot emissions. Wei et al. [26]
conducted comparative experiments on a low-speed two-stroke marine diesel engine using diesel,
B50, and B100 biodiesel blends. Their findings revealed that increasing biodiesel content significantly
decreases CO,, CO, and HC emissions while gradually increasing specific fuel consumption and NOx
emissions at identical loads. In another study, Wei et al. [27] analyzed the effects of B10, B30, and B50
biodiesel blends on combustion and emission characteristics in low-speed two-stroke marine engines.
They reported that biodiesel notably reduces exhaust gas temperature and black carbon emissions
compared to conventional heavy fuel oil. Sagin et al. [28] evaluated the performance impacts of B10
and B30 biodiesel blends in a MAN B&W 5S60ME-C8 marine main engine, demonstrating that
biodiesel reduces NOx emissions by 14.71% - 25.13% but increases fuel consumption by 1.55%—-6.01%.

The cylinder liner-piston ring system represents a critical combustion chamber component in
diesel engines, where maintaining optimal cylinder lubrication is essential for mitigating abnormal
liner wear and enhancing engine performance. Current research on the effects of biofuels on cylinder
lubrication properties has predominantly focused on small-scale four-stroke diesel engines. For
example, Dhar et al. [29] investigated the impacts of Karanja biodiesel on engine lubricant
characteristics and found that after 200 hours of biodiesel operation, the lubricant exhibited increased
density, elevated carbon residue, and higher ash content, indicating severe lubricant degradation.
Similarly, Gopal et al. [30] conducted a 256-hour endurance test on a single-cylinder, four-stroke
diesel engine and observed that PME20 biodiesel caused increases in lubricant density, ash content,
water content, and insolubles, while reducing kinematic viscosity, flash point, and TBN. Temizer et
al. [31] examined the influence of B10 rapeseed biodiesel and diesel on engine lubrication
performance, revealing that combustion of B10 biodiesel resulted in decreased total acid number
(TAN), water content, viscosity, and flash point of the lubricant, along with increased TBN, density,
and sulfated ash content. Additionally, biodiesel operation was associated with higher concentrations
of metallic wear particles in the lubricating oil. However, these studies were predominantly
conducted on land-based small-scale four-stroke engines, which are characterized by relatively low
power output, stable operating conditions, and splash lubrication of the cylinder liner-piston ring
system, allowing prolonged reuse of cylinder lubricating oil.
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Marine low-speed two-stroke diesel engines, characterized by high power output, variable load
conditions, and harsh combustion environments when using inferior fuels, employ independent
cylinder oil lubrication systems to ensure optimal lubrication of the liner-piston ring assembly during
operation with low-quality fuels [32,33]. The cylinder lubrication oil is injected onto the liner and
piston ring surfaces via electronic or mechanical lubricators during the piston's upward stroke,
performing critical functions such as lubrication, friction reduction, neutralization of combustion
byproducts, and heat transfer —all of which are vital for proper engine operation. After injection, part
of the cylinder oil is consumed in the combustion chamber, while the remainder is discharged
through the scavenge air box as drain oil, representing a fundamentally different operational
mechanism from land-based small diesel engines. With the implementation of ISO 8217:2024 (Marine
Fuels), marine engines are increasingly adopting higher-concentration biofuel blends. These biofuels
exhibit significant discrepancies from conventional low-sulfur fuels in key parameters such as
viscosity, base number, and sulfur content—factors that critically influence cylinder lubrication
performance. Therefore, investigating the effects of biofuels on marine cylinder lubricant properties,
analyzing cylinder oil degradation mechanisms, and studying liner/piston ring wear patterns are of
utmost importance. Such research enables the optimization of cylinder oil feed rates and base
numbers, ultimately minimizing liner wear failures in marine engines.

This study systematically investigates the effects of B24 and B50 biodiesel blends on the
operational performance of a marine low-speed two-stroke diesel engine (MAN 6S35MEB type)
under variable load conditions (25%, 50%, 75%, and 90% loads). Through comprehensive analyses of
cylinder lubricating oil properties —including physicochemical parameters (e.g., kinematic viscosity,
TBN, oxidation/nitration degrees), wear-related metallic element concentrations (Fe, Cu, Cr, Mo), and
ferrographic morphology —the research evaluates how biodiesel concentration and engine load
jointly influence lubricant degradation and cylinder liner-piston ring wear mechanisms.

2. Materials and Methods
2.1. Experimental Equipment

This study utilizes the MAN 6S35MEB two-stroke low-speed diesel engine in the Integrated
Laboratory for Marine Power Plants at Shanghai Maritime University to investigate the effects of
biofuels on cylinder lubricating oil performance. The engine features six cylinder liners, a rated speed
of 152 rpm, and a rated output power of 3,570 kW. The output load is regulated by a hydraulic
dynamometer coupled to the engine's power take-off end. Table 1 summarizes the main technical
parameters of the diesel engine, while Figure 1 depicts the schematic layout of the test platform.

Table 1. Technical specification of the main engine.

NO. Project Parameter
1 Engine type MAN 6S35MEB
2 Engine stroke 2 stroke
3 Cylinder bore (mm) 350
4 Engine speed (r/min) 142
5 Engine power (kW) 3570
6 Piston stroke (mm) 1500
7 Torque (kN) 240
8 Firing order 1-5-3-4-2-6
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Figure 1. The test platform of main engine.

2.2. Experimental Materials

The biofuel utilized in this experiment was prepared by blending 180-grade low-sulfur fuel oil
(LSFO, sulfur content: 0.47%) with waste cooking oil-derived biodiesel. Specifically, B24 biofuel
consists of a 24% (v/v) waste cooking oil blend with 76% LSFO. Table 2 summarizes the
physicochemical properties of the 180 LSFO and the biodiesel component. Notably, parameters such
as density, kinematic viscosity, water content, ash content, and sulfur content decrease with
increasing biodiesel blend ratio. Additionally, the biofuel exhibits higher oxygen content, lower
carbon-to-hydrogen ratio, and reduced calorific value compared to pure LSFO. The lubricating oil
employed was Sinopec 5040 marine cylinder oil, classified as Category II (Cat. II) cylinder lubricating
oil, which is recommended for MAN B&W two-stroke engines of Mark 9 and higher specifications

[34].
Table 2. Physical and chemical properties of biofuels.
Property 180LSFO B24 B50 Methods
Density (kg/m3) @15°C 958.0 936.2 911.2 ISO 12185
Kinematic viscosity (mm2/s) @40°C 168.6 47.40 13.51 ISO 3104
Flash point (°C) >90.0 >90.0 >90.0 ISO 2719
Pour point (°C) -6 -6 -6 ISO 3016
Acid number(mg KOH/g) 1.58 1.37 0.52 ASTM D664
Ash (%, m/m) 0.04 0.029 0.008 ISO 6245
Water content (%, v/v) 0.21 0.12 0.06 ISO 3733
Net heat of combustion (M]J/kg) 40.87 40.00 39.59 ASTM D240
Carbon (%, m/m) 86.5 84.6 82.0 ASTM D6728
Hydrogen (%, m/m) 11.1 11.0 11.2 ASTM D6728
Nitrogen (%, m/m) 0.96 0.71 0.51 ASTM D6728
Oxygen (%, m/m) 0.8 3.30 6.1 ASTM D6728
Sulphur (%, m/m) 0.47 0.378 0.253 ISO 8754

2.3. Experimental Methods

To assess the effects of B24 and B50 biofuels on cylinder lubricating oil characteristics,
experiments were conducted at four engine load levels (25%, 50%, 75%, and 90%), with each load test
duration set to 10 hours. Key thermodynamic parameters—including engine speed, scavenging air
pressure, and combustion pressure—were continuously monitored via the MAN B&W-developed
PMI system. Table 3 summarizes the main engine operating parameters under different biofuel loads,
while Figure 2 depicts the cylinder pressure profiles across these load conditions.

During testing, residual oil samples were collected from each cylinder's scavenge box under
varying loads. Systematic analyses were performed on the physicochemical properties, wear element
concentrations, and ferrographic morphology of the cylinder residual oil. Physicochemical property
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measurements included kinematic viscosity, TBN, water content, oxidation degree, and nitration
degree. Wear characterization involved PQ index analysis and spectral emission spectroscopy for
metallic element quantification.

Table 3. Engine operating data.

Property 25% Load  50% Load  75% Load  90% Load
Engine speed (rpm) 90 112 130 138
Scavenging air pressure (bar) 0.32 0.89 1.35 1.85
Max. compressed air pressure (bar) 73.3 110.6 147.1 166.4
Output power (kW) 883 1769 2546 3272
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Figure 2. Cylinder pressure at different engine loads.

3. Results and Discussions
3.1. Physical and Chemical Analysis of the Lubricating Oil
3.1.1. Kinematic Viscosity

Kinematic viscosity serves as a critical parameter for evaluating the fluidity and viscous
behavior of lubricating oil, reflecting the magnitude of internal frictional forces during oil flow at a
specified temperature. An optimal viscosity ensures the formation of a stable and continuous oil film
on friction pair surfaces, thereby minimizing wear and friction. Deviations from the ideal viscosity —
either excessively high or low —compromise oil film integrity and stability, ultimately reducing
lubrication efficiency.

In this study, a capillary viscometer was employed to measure the kinematic viscosity of
cylinder residual oil at 40°C and 100°C. To mitigate the influence of carbon deposits and wear
particles on viscosity measurements, cylinder residual oil samples were filtered through a 0.45 pm
organic membrane filter prior to testing. Viscosity test results for the cylinder residual oil are
presented in Figure 3. Initially, the kinematic viscosities of the cylinder oil at 40°C and 100°C were
218.01 mm?/s and 21.83 mm?/s, respectively. The 100°C kinematic viscosity ranged from 18.63 mm?/s
to 21.83 mm?/s, conforming to MAN Diesel Engine specifications for Category II cylinder lubricating
oil (minimum viscosity: 18.5 mm?/s; maximum viscosity: 21.9 mm?/s) [35].

As engine load increased, the viscosity of the cylinder lubricating oil gradually decreased. At
identical loads, cylinder residual oil viscosity was higher for B24 biofuel compared to B50 biofuel.
This phenomenon may be attributed to increased fuel consumption at higher loads, which introduces
more moisture from combustion byproducts and unburned biofuel into the cylinder oil, enhancing
dilution and reducing residual oil viscosity [36,37]. Additionally, the lower inherent viscosity of B50
biofuel (13.51 mm?/s) compared to B24 biofuel exacerbates the dilution effect on cylinder oil, leading
to further viscosity reduction under the same load conditions.
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Figure 3. Kinematic viscosity of cylinder residual oil (a) 40°C (b) 100°C.

3.1.2. Total Base Number

The TBN of cylinder oil is critical for neutralizing acidic species generated during diesel engine
combustion, thereby reducing the risk of acid corrosion in the engine. The residual base number
(RBN) is influenced by multiple factors, including the initial BN of fresh oil, cylinder oil feed rate,
fuel sulfur content, engine load, and engine modifications. Engine designers typically define residual
BN thresholds to ensure sufficient alkaline reserve for sulfur corrosion protection. However,
prolonged operation under high RBN conditions may exacerbate ash deposition and bore polishing.
According to MAN service bulletins, when the main engine operates on low-sulfur fuel oil, the TBN
of cylinder residual oil should remain no less than 80% of the initial TBN under normal operating
conditions [34].

Figure 4 shows the TBN measurements of cylinder residual oil. The data reveal that TBN
decreases with increasing engine load, which can be attributed to the higher concentration of acidic
species in combustion products and enhanced dilution from unburned fuel. When using B24
biodiesel, the minimum TBN of cylinder residual oil is 32.80 mg KOH/g, representing 82.16% of the
initial TBN. This value remains above 80% of the initial TBN, meeting MAN's specifications for
cylinder oil in main engines. Notably, at identical loads, cylinder residual oil exhibits higher TBN
when using B50 biofuel. This phenomenon is likely due to B50 biofuel's lower sulfur content, which
reduces the formation of acidic combustion byproducts.
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Figure 4. Residual base number of cylinder residual oil.

3.1.3. Water Content

Water content is a critical factor affecting the integrity of cylinder lubrication oil films, as it can
exacerbate cylinder wear. This parameter is influenced by ambient air humidity and moisture
generated during combustion. Elevated water levels may indicate operational issues such as
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malfunctioning water mist catchers, leaking charge air coolers, or steam valve leaks from scavenge
fire extinguisher systems into the under-piston space.

Figure 5 illustrates the water concentration in residual cylinder lubricating oil. The results show
that water content in the cylinder oil increases with engine load, while biofuel concentration has a
negligible effect on cylinder residual oil water content. This phenomenon can be primarily attributed
to the fact that, with increasing load, the diesel engine consumes more oxygen for combustion.
Consequently, moisture from the compressed air enters the cylinder oil through the scavenging air
box. Moreover, the higher load results in increased water production during combustion, both of
which contribute to the rise in water concentration in the cylinder residual oil.
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Figure 5. Water content of cylinder residual oil.

3.1.4. Oxidatition

When lubricating oil reacts with oxygen in the air, a large number of oxidation products are
generated, such as aldehydes, ketones, esters, and carboxylic acids containing carboxyl functional
groups. These substances may cause an increase in the viscosity of the lubricating oil, an increase in
acid value, and the formation of sludge, all of which lead to a decline in the performance of the
lubricating oil. Fourier Transform Infrared Spectroscopy (FT-IR) is a commonly used method for
measuring the degree of oxidation in cylinder lubricating oil by detecting the characteristic
absorption of carbonyl groups in the range of 1800 cm™ to 1670 cm™.

Figure 6 illustrates the trend of oxidation degree of the cylinder residual oil. It is evident that as
the load increases, the oxidation degree gradually rises. Additionally, for the same load, the oxidation
degree is higher when using B24 biofuel. The main reason for this is that as the load increases, the
combustion chamber temperature rises, leading to a greater degree of oxidation of the lubricating oil.
Furthermore, under the same load, B24 biofuel has a higher calorific value, resulting in more heat
being generated during combustion, which further promotes the oxidation of the lubricating oil.

Oxidation(abs/cm)

1 1 1
0 25 50 75 100
Load (%)

Figure 6. Oxidation of cylinder residual oil.
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3.1.5. Nitration

Nitration, similar to oxidation, occurs when lubricating oil reacts with gaseous nitrates during
the combustion process in engines. This reaction produces various nitration products, which can lead
to increased viscosity, a higher acid value, and the formation of insoluble compounds within the
lubricating oil. Additionally, an increase in the degree of nitration contributes to the decline in the
TBN of engine oil. The nitration degree of lubricating oil can be measured using FT-IR, specifically
by analyzing the absorption around 1630 cm.

Figure 7 illustrates the trend of nitration degree of cylinder residual oil. It can be seen that as the
load increases, the nitration degree also rises gradually. Under the same load, the use of B50 biofuel
results in a higher nitration degree. The main reason is likely that as the load increases, the
combustion chamber temperature rises, leading to a greater degree of nitration of the lubricating oil.
Additionally, under the same load, B50 biofuel produces higher levels of NOx [38], and NOx
promotes the nitration reaction of the lubricating oil.

0

65.00

Nitration(abs/cm)

0 25 50 73 100
Toad (%)

Figure 7. Nitration of cylinder residual oil.

3.2. Wear Element Analysis of the Lubricating Oil
3.2.1. PQ Index

The PQ index is a dimensionless quantitative measurement that indicates the concentration of
ferromagnetic particles present in the oil. It operates based on the principle of electromagnetic
induction. When ferromagnetic wear particles pass through a sensor coil during PQ index detection,
they cause a change in the magnetic field of the coil. The extent of this change is directly related to
the quantity and size of the iron particles in the sample. Measuring the PQ index does not require
any pre-treatment of the oil sample and is particularly sensitive to wear particles that are larger than
5 pm.

Figure 8 presents the PQ index measurements of cylinder residual oil. The data show that the
PQ index for each cylinder increases with rising engine load. At identical loads, the PQ index of
cylinder residual oil with B50 biodiesel is higher than that with B24 biodiesel, indicating more severe
cylinder wear. This phenomenon can be attributed to two mechanisms: first, B50 biodiesel’s lower
viscosity reduces the thickness of the cylinder lubricating film under the same load, deteriorating
lubrication conditions; second, higher fuel sulfur content promotes the formation of lubricating
combustion byproducts that mitigate friction between the cylinder wall and piston rings [39]. The
lower sulfur content in B50 biodiesel weakens this self-lubricating effect, increasing frictional
resistance and exacerbating wear of the cylinder liner-piston ring interface. Additionally, Figure 9
reveals that under identical test conditions, the PQ index of cylinder residual oil in Cylinder 2 was
relatively low, while those in Cylinders 5 and 6 were higher. This discrepancy may correlate with
variations in in-cylinder average pressure during combustion: higher pressures enhance frictional
forces between the cylinder liner and piston rings, leading to more pronounced wear.
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3.2.2. Spectral Analysis

In this study, the Spectroil Q100 oil spectrometer was utilized to analyze the composition and
concentration of wear elements in the cylinder residual oil. This instrument employs atomic emission
spectroscopy (AES) with a rotating disc electrode to generate an arc discharge, which excites the
atoms of wear elements in the lubricating oil to emit characteristic spectra [40]. This method is capable
of detecting ionic elements and offers higher precision for particles smaller than 5 pm. The
spectrometer is known for its rapid detection capabilities, the simultaneous analysis of multiple
elements, and detection accuracy that meets the requirements set by ASTM D6595.

Figure 10 illustrates the correlation between the concentrations of four typical wear particle
elements in cylinder residual oil, engine load, and biofuel type. The data show that each element's
concentration increases with rising load, and B50 biofuel consistently results in higher wear particle
concentrations under identical conditions. This trend aligns with the PQ index findings. In this
experiment, the maximum Fe concentration reached 142.76 ppm, which is below the 200 ppm
threshold and complies with MAN’s wear iron concentration specifications for cylinder residual oil
in main engines [27]. Iron primarily originates from the cylinder liner, uncoated piston rings, and the
substrate of coated piston rings. The highest Cu concentration measured was 7.89 ppm,
predominantly derived from stuffing box bronze components and piston wear rings. Chromium
reached a maximum of 4.26 ppm, originating from piston ring grooves and piston rings. Finally,
molybdenum peaked at 7.28 ppm, mainly sourced from the cermet coating on piston rings.
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Figure 10. Wear elements of cylinder residual oil (a)Fe (b)Cu (c)Cr (d)Mo.

3.3. Ferrography Analysis of the Lubricating Oil

Ferrography analysis is a diagnostic technique that uses a high-gradient magnetic field to
separate wear particles from lubricating oil [41,42]. Through microscopic examination of the size,
quantity, and morphological features of these particles, it enables the assessment of mechanical
equipment's wear condition and wear mechanisms, thus facilitating the maintenance of equipment
safety.

In this experiment, the quantity and morphological characteristics of ferrographic wear particles
in cylinder residual oil were compared between B24 and B50 biodiesel at 90% load. To obtain clear
particle images, tetrachloroethylene solvent was used to dilute the cylinder residual oil, reducing the
oil sample's viscosity and promoting magnetic metal particle deposition. The oil sample-to-
tetrachloroethylene volume ratio during dilution was 3:1. Optical microscopy images of the
ferrograms at 100x magnification are shown in Figures 11(a) and (b), revealing that combustion-
generated black carbon deposits coexist with metal wear particles in the ferrograms, with deposited
particles distributed in strip-like patterns. Figures (c) and (d) show 500x magnification results,
indicating higher metal wear particle deposition concentrations for B50 biodiesel, with significant
particle overlap.

To mitigate particle overlap and improve imaging clarity, the cylinder residual oil was first
diluted 10-fold with fresh cylinder oil of the same type, homogenized via ultrasonic vibration, and
then further diluted with tetrachloroethylene. The prepared ferrograms are presented in Figures (e)
and (f). Most metal wear particles in the cylinder residual oil under both fuel conditions are normal
wear particles with a size <5 um. Notably, B50 biodiesel use introduces a small fraction of fatigue
wear particles (>15 um), though no abnormal wear particles (e.g., cutting or severe sliding particles)
were detected. These results indicate that diesel engine cylinder liners exhibit acceptable lubrication
conditions with both biodiesels in this study, while cylinder wear severity increases with biodiesel
concentration.
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Figure 11. Ferrography analysis of cylinder residual oil.

4. Conclusions

This paper systematically investigates the effects of B24 and B50 biodiesels on cylinder
lubrication performance in large low-speed two-stroke marine diesel engines. By imposing four
engine load conditions (25%, 50%, 75%, and 90%), the study compares how biodiesel concentration
influences the physicochemical properties, wear element concentrations, and wear particle
morphological characteristics of residual cylinder oil. The key research findings are summarized as
follows:

(1) Physicochemical Properties: With increasing engine load, the viscosity and TBN of cylinder
residual oil gradually decrease, while water content, oxidation degree, and nitration degree increase.
Under identical conditions, B50 biofuel induces more pronounced viscosity reduction in residual
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cylinder oil, whereas B24 biodiesel leads to more significant TBN decline. Notably, both viscosity and
TBN of cylinder residual oil remain within MAN diesel engine technical specifications.

(2) Wear Elements Concentrations: As diesel engine load increases, the PQ index and
concentrations of wear elements (Fe, Cu, Cr, and Mo) in cylinder residual oil rise progressively. At
the same load, B50 biodiesel exacerbates wear severity of the cylinder liner-piston ring interface
compared to B24.

(3) Wear Particle Analysis: The cylinder residual oil contains a significant amount of
ferromagnetic wear particles and black carbon deposits from combustion products. The size of these
wear particles is mainly normal wear particles with a diameter of less than 5 um. When using B50
biodiesel, the cylinder residual oil also contains a small amount of fatigue wear particles with a
particle size greater than 15 pm.

In summary, this study investigates the effects of high-concentration biofuels on the lubrication
performance of marine low-speed diesel engine cylinder oil under varying loads and analyzes the
primary wear mechanisms in the cylinder lubrication system. For future work, we plan to explore
strategies for adjusting the cylinder oil injection rate and total base number (TBN) when using
biofuels with different concentrations, aiming to mitigate wear in cylinder liners and piston rings of
marine diesel engines.
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