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Abstract

Oil consumption in heavy-duty engines is one of the main concerns in both automotive and industrial sectors,
impacting both operational costs and environmental sustainability. With growing demands for improved fuel
economy and eco-friendliness, much focus has rested on research aimed at minimizing oil consumption through
components like the piston, pin, and bushing of the engine. These are some of the major components of an engine
and come into direct contact with the engine oil, therefore influencing the wear and friction characteristics
responsible for oil loss over a period of time. This paper analyzes in great detail the dynamics of the pin, piston,
and bushing in heavy-duty engines and how these factors contribute to oil consumption. The following describes
the various materials used to make the parts, the influence of design and lubrication systems on oil consumption,
and wear mechanisms leading to increased oil consumption. Thereafter, it will be possible to find ways for
optimizing their design and functionality with the aim of reducing oil consumption without deterioration in or loss
of performance.

It is a wide-based study that considers factors such as material properties, operational aspects (load, speed, and
temperature), and newer developments in lubrication techniques. The review also covers all the latest
developments in engines related to oil reduction, covering areas such as precision-engineered pistons, low friction
bushings, and latest lubricants for wear and oil consumption minimization. This paper tries to reveal the
mechanism that drives the oil consumption of heavy-duty engines through experimental data, case studies, and
theoretical analysis, and further propose possible ways to mitigate this issue.

This research is of relevance to engine manufacturers, fleet operators, and policymakers involved in the effort to
minimize the environmental impact of transport and industrial engines. The results presented here tend to
contribute not only to more environmentally friendly engine design but also to reduce operational costs, prolong
the life of an engine, and generally improve vehicle efficiency. In conclusion, this paper is supporting the
adoption of advanced materials, innovative designs, and effective lubrication strategies as important steps toward
minimum oil consumption and further development of next-generation heavy-duty engines.
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1. Introduction

In the dynamically changing world of industrialization, heavy-duty engines are back in the spotlight. This is a
kind of engine that was developed for the high-performance, high-load operation required by various industries
that include transportation, construction, and energy production. These are the heavy-duty engines that drive the
long-haul trucks across continents, the cranes and earth movers in construction, and the giant machines in
building and infrastructure construction. While these engines mean a lot for economic activity, they also bring
forth numerous environmental and operational challenges. Among the challenges that an engineer faces is the
reducing of oil consumption in these engines-a task that equally has great implications for both the environment
and operational costs.

The consumption of oil by internal combustion engines, especially those for heavy-duty applications, is a
complex and multivariable phenomenon. In addition to fuel economy, it affects lifespan of the engine, and
emission directly. Over time, with excessive oil consumption, this means more hydrocarbons are being released
into the atmosphere, thereby contributing to air pollution and speeding up climate change. The growing
requirement for more frequent changes or top-ups increases operational costs for businesses and consumers, while
increasing the environmental burden of waste oil disposal. This, in turn, places increasing pressure on the need to
find solutions that can help reduce oil consumption without necessarily affecting the performance, power output,
or reliability of the engine.

Central to this challenge are the dynamics of key engine components such as the pins, pistons, and bushings.
These components not only play critical roles in the mechanical operations of the engine but also directly affect
the oil consumption process. Each of the components has different ways through which it interacts with the oil by
lubrication, wear, and friction, showing different levels of oil consumption. Knowledge of the tribological
processes between these components-friction and wear during operation-allows an understanding of oil
consumption in the engine system.

Pins, also called piston pins or gudgeon pins, connect the piston with the connecting rod in the engine. Being one
of the most stressed components in the engine, pins are exposed to incredibly high mechanical forces, extremely
high temperatures, and extremely fast motions. Their work is to transmit the force, developed by the process of
combustion, to the crankshaft, which, in turn, changes the motion from linear to rotational with power. The
durability and smooth functioning of the pins play a vital role in eliminating premature wear and excessive oil
consumption. Pins can cause oil consumption by several means, with a lot of it having to do with their interaction
with the piston and lubrication system. Worn pins will have reduced ability to retain lubricant, resulting in
increased friction and higher oil consumption.

The Piston is probably the most well-known and critical component in any internal combustion engine. Inside the
cylinder, the piston undergoes rapid motions powered by energy from fuel combustion. While moving up and
down inside the cylinder, pistons create the required compression and expansion for combustion to occur. During
this process, pistons can also contribute to oil consumption by means of various mechanisms. Qil is required to
lubricate the piston rings, which seal between the piston and the cylinder wall. The proper seal prevents oil from
reaching the combustion chamber and burning, adding to emissions and oil consumption. With a worn or badly
designed seal, the result is that oil might seep into the combustion chamber, leading to an increase in oil
consumption. The new design for pistons incorporates advanced materials, coatings, and types of piston rings to
provide low oil consumption without compromise on engine performance.
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Bushings are employed in all those places inside the engine where a bearing surface needs to be provided for
various rotating components, such as crankshafts, camshafts, and connecting rods, with smooth mobility. These
components should have narrow tolerances to decrease friction and wear for better efficiency of the engine in
general. Like the pins, the bushings have to face constant friction and high pressure that can bring about gradual
breakdown of material and loss of lubrication. The process of wear not only accelerates the consumption of oil
but also contributes much to the deterioration of performance quality. The selection of materials for bushings
includes high-performance alloys and composite materials, which are all under active research to minimize
friction between moving parts and the amount of oil consumed to provide adequate lubrication.

Minimizing oil consumption is not only an ecological necessity but also an essential objective toward the
economic viability and sustainability of heavy-duty engines. The advances in materials science, surface coatings,
and lubrication technologies hold the promise of significantly reducing oil consumption. For example, the
development of advanced ceramic materials for pistons, low-friction coatings for pins and bushings, and
optimization of lubrication systems can all contribute to more efficient engine operations. In addition, hybrid and
electric powertrains are gaining greater penetration into heavy-duty fleets, creating both new challenges and
opportunities in the minimization of oil consumption because these technologies introduce new materials and
systems with their lubrication needs being very different from the conventional ones.

This research article examines the tribological behavior of the pin, piston, and bushing system in heavy-duty
engines and their contribution to oil consumption. Understanding the wear of these components, lubrication
needs, and material interactions during this research work will go a long way in making useful provisions in
engine design for reducing oil consumption. This work will, in addition, look into state-of-the-art materials and
engineering approaches, focusing on surface treatment, strategies in lubrication methods, and design of engine
components with the least consumption of oil to obtain high engine efficiency.

2. Literature Review

The problem of oil consumption within internal combustion engines has conventionally been of both practical and
academic interest, particularly in heavy-duty applications. While the engine is operating under high stresses and
demanding conditions, understanding the tribological interaction of the engine components, particularly pins,
pistons, and bushings, has become one of the key areas of study. The factors governing oil consumption, the role
of major engine components involved, and progress in the materials and technologies for mitigating oil
consumption are reviewed.

2.1 Oil Consumption in Internal Combustion Engines

Oil consumption in internal combustion engines may be understood to be the amount of oil that is consumed by
the running of the engine, as related to lubrication and cooling purposes. A large amount of the reasons for engine
oil consumption, according to Zhao et al. (2013), includes worn sealing components, inadequate lubrication, and
oil coming into a combustion chamber and burning with the fuel inside it. Excessive oil consumption could lead
to increased emissions, and a reduction in fuel economy. These effects mandate more frequent oil changes; this,
in turn would increase the operation cost of the engine.
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Kato et al., 2019 pointed out that most heavy duty diesel engines that usually or frequently operate at high level
thermal and mechanical loads has higher tendency for oil consumption problems. They mentioned that one of the
major oil losses is taken place through the clearance between the piston and cylinder wall. This causes the leakage
of oil into the combustion chamber, where it burns and goes out with the exhaust gases. While modern engine
designs have taken this into consideration and try to reduce the leakage, it remains a critical concern in most of
the older models of engines and those operating under extreme conditions.

2.2 Piston Rings and Sealing Systems in Oil Consumption

Pistons are important in the case of control of oil consumption by engines-especially by means of their sealing
systems. Situated on top of the piston, piston rings seal the gap between the piston and cylinder wall and play an
essential role in a very significant way to avoid the arrival of oil in the combustion chamber. After sometime rings
may wear out or deteriorate or misalign, therefore, it calls for more consumption of oil. Most of the research work
emphasizes the use of an improved design and materials to be used for piston rings to improve the sealing ability.

One of the greatest developments of piston rings is the low-tension piston ring, which was proven not to affect the
power performance of the engine yet reducing the oil consumption. According to Liu et al. (2017), these piston
rings provide a more effective seal while minimizing the friction between the piston and cylinder wall, reducing
the need for oil lubrication. Besides, coatings applied to piston rings, such as DLC coatings, have been shown to
enhance durability and wear resistance, hence prolonging the life of the rings and reducing oil consumption as per
Kudo et al. (2018).

In such a context, design modifications have also emerged in the form of hydrodynamic sealing mechanisms
whereby the relative motion of the piston against the cylinder wall results in a thin film of oil that assists in a tight
seal. The design prevents a large amount of oil from entering the combustion chamber with good lubrication and
hence has reduced the quantity of oil being used by an engine (Benson et al., 2014; Rayate, 2024).

2.3 Pin Dynamics and Oil Consumption

Many consider the role of the piston pin or gudgeon pin in oil consumption is minor compared to the relative role
of pistons and rings. The truth of this will depend on the engine type but again the role of the pin in this respect is
crucial for a well-running and economical-to-operate engine. Basically, it connects the piston to the connecting
rod whereby the linear motion of the piston transfers into rotational motion to the crankshaft. Since the pins are
under heavy loads, wear, and friction, they contribute much to the overall oil consumption of the engine.

Research by Song et al. (2020) indicated that excessive wear on the pin and its corresponding bushings increases
friction, hence leading to higher oil consumption. Wear of the pins can cause loss of lubricant, resulting in the
need for more frequent replenishment and, finally, higher overall consumption. Materials used in the construction
of pins are critical in minimizing this wear. For example, those made from high-strength steel or from ceramic
composites resist the action of thermal stress and friction well, therefore there would be less loss of oil to friction.

In recent years, researchers have also tried to lessen friction and wear with coated pins. Coatings used in pins
include tungsten carbide and nitrite of titanium which provides minimum friction coefficient between pin and
connecting rod and thus there would be smooth motion using less oil as indicated by Xie et al. (2021). Through
this method, only a minimal amount of oil leakage would occur since friction and wear around those parts would
be lesser.
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2.4 Bush Dynamics and Oil Consumption

Bushings, though commonly used as bearings for crankshaft and camshaft supports in the engine, play a major
role in oil consumption. They are always under great pressure and temperature of operation that consequently
brings about wear which may compromise their lubrication and lead to an increase in oil consumption. Material
choice for bushings is one of the factors which may reduce wear and hence loss of oil.

Sato et al., (2015) In fact, proved in his study that these composite materials like the ones made from PTFE and
Bronze could reduce frictional forces between the bushing and its corresponding shaft, thus reducing general oil
consumption. These are self-lubricating materials which would be able to give a stable oil film throughout the
operation which is actually necessary for minimum oil losses.

Advanced surface treatments also such as electroplating and laser cladding too have proved promising in
improving the wear resistance of bushings. As such, for example, nickel-based coatings have been found to
reduce wear and friction, hence reducing oil consumption by improving the bushing's interaction with
surrounding components (Wang et al., 2016).

2.5 Efficient Oil Use in Heavy-Duty Engines with DFSS

Oil consumption optimization for heavy-duty engines is crucial for achieving greater efficiency, lowering
operating costs, and meeting new environmental regulations. Many heavy-duty engines consume a huge amount
of oil due to the size and demands of operations; this leads to very high maintenance costs, increasing emission
levels, and may ultimately result in poor performance over time. Optimizing oil consumption not only increases
the lifespan of such engines but also supports environmental policies by reducing waste and minimizing negative
impact on the environment.

Design for Six Sigma could offer a structured approach to addressing these challenges through its methodology
of Define-Measure-Analyze-Design-Verify (DMADYV). This methodology shall help in capturing the
understanding of customer requirements and then translating them into robust engine design with minimum oil
consumption without sacrificing performance and reliability. Using DFSS, engineers can identify the key factors
of oil consumption, such as combustion efficiency, lubrication system design, and material compatibility.
Through rigorous data analysis and simulation, they can develop innovative solutions to reduce oil loss, improve
combustion chamber sealing, and enhance lubrication efficiency.

In addition, DFSS makes sure the optimization is effective, scalable, and sustainable. Predictive modeling
combined with advanced quality control techniques will ensure the optimized designs operate with minimal
deviation in performance under diverse operating conditions. All these things result in an engine which is more
economic to operate, requires less frequent maintenance, and also results in lower emissions, hence meeting the
expectations of both the customers and regulatory requirements.

In a nutshell, DFSS optimizes oil consumption through a strategic initiative that merges engineering innovation
with quality management principles in the delivery of heavy-duty engines that are efficient, reliable, and
responsible to the environment (Rayate, 2024).
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2.6 Innovations in Engine Lubrication Systems

Other recent developments relating to the lubrication of the engines have also played their important role in the
minimization of oil consumption. This variable oil pumps, changing the rate of oil flow by the change of
operational mode of the engine, were proven to minimize oil consumption by assurance of the usage of the
amount of oil necessary at given time. Moreover, high-temperature and high-pressure synthetic lubricants that are
more effective in providing lubrication have increased for heavy-duty engines. Such lubricants reduce the rate of
oil change and perform well on seals, pistons, pins, and bushings. Besides, systems with oil-cooling technologies
operate within the optimum operating oil temperature; hence, very minimal oil consumption resulting from severe
degradation of oil. According to Ouyang et al. (2019) and Rayate, 2024, these systems ensure that the lubricating
properties of oil last longer, reducing the frequency of oil replacement and long-term oil consumption.

2.7 Root Cause Analysis of High Oil Consumption in 6.4 L Engines During Urban Driving

The high consumption of oil by 6.4 L heavy-duty engines, especially when driven under urban conditions, is a
multi-factor problem affecting the performance of the engine and operation costs (Rayate, 2024). The nature of
driving in an urban environment-constant stop-and-go traffic, idling, and low-speed conditions-increases oil
consumption for several reasons:

o Combustion Chamber Deposits: Due to inefficient combustion in urban areas, there is a greater
accumulation in the combustion chamber. These buildups force the oil to seep into the combustion
chamber, thus increasing the burn-off.

o Piston Ring Wear: Stop-and-go driving common in urban areas puts additional stress on piston
rings, which increases wear. Worn rings allow oil to bypass the piston and enter the combustion chamber.
° Valve Stem Seal Wear: Frequent stops and thermal cycling in stop-and-go city driving can
cause faster wear on valve stem seals, allowing oil to leak into the engine cylinders.

. PCV System Malfunction: On heavy-duty engines, a faulty PCV system can lead to excessive
pressure within the crankcase, forcing oil into the intake manifold.

° Oil Quality and Viscosity: The use of inappropriate oil types or degraded oil can aggravate oil

consumption under high-load, low-speed urban conditions.

3. Methodology

This section outlines how factors affecting oil consumption in heavy-duty engines. Particular emphasis is placed
on pursuing those dealing especially with the dynamics of pins, pistons, and bushings. Given the complexity of
engine tribology, one experimental and one computational, the approach was followed to draw inferences
comprehensively. This will help in identifying those areas in design of the engine, lubrication, and interaction of
components where reduction in it is possible to consume oil without engine performance being affected.

3.1 Research Design

The research design adopted for this study is a mixed-methods design, which shall take advantage of both
experimental and computational methods in the investigation of the most important surface interaction factors in
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oil consumption in heavy-duty engines. The overall design of the research consists of two successive phases:
experimental testing of parts in an engine and computational modeling of dynamics in parts of an engine.

1. Phase 1-Experimental Investigation: A series of controlled experiments was conducted on a
heavy-duty engine to study the variation in oil consumption with respect to different engine components,
materials, and lubrication strategies.

2. Phase 2-Computational Simulation: FEA and CFD simulations have been used to model the
tribological behavior of the pin, piston, and bushing with respect to oil consumption for a wide range of
operational conditions.

Such a methodology will allow for a thorough investigation in providing real experimental data, simulated data in
prediction is useful in the optimization of an engine design for minimum oil consumption.

3.2 Experimental Arrangement

Various materials, coatings, and lubrication systems will be tested experimentally for their impact on oil
consumption. The experiments consider the main tribocontacts of the engine responsible for friction and wear-
namely, the pins, pistons, and bushings. A single-cylinder engine test rig was utilized in isolating and
investigating the interaction of these components in controlled test conditions (Abu-Farah, 2019; Williams et al.,
2020; Rayate, 2024).

1. Engine Test Rig

The research work was carried out on the test rig, which is a modified heavy-duty diesel engine with it had
precise sensors and measuring devices. In this configuration, the researchers were able to see oil consumption
friction levels, wear patterns, and temperature of components during operation. The key parameters that were
measured were supported by the following sensors and diagnostic tools:

° Oil consumption: Directly measured through oil sample analysis and exhaust gas analysis
methods (Bland et al., 2022).
. Friction: The frictional forces are measured by the tribometer between pin, piston, and bushing,

which is important to understand the influence that these components exert on oil consumption. As
indicated by Meier et al. (2021),

. Component temperatures: Thermocouples attached to the piston, pin, and bushing measured
changes in temperature as conditions varied (Molina et al., 2020).

2. Test Variables

The influencing variables, the main ones, were systematically changed and investigated for their influence on oil
consumption, such as the following:

1. Material of Piston Rings: A few materials, such as low tension steel, cast iron, and ceramic
coatings, were tried in order to analyze their effects on characteristics of sealing effectiveness, friction,
and wear. The material of the piston ring plays an important role in the design for sealing the combustion
chamber and in the prevention of oil entry into oil consumption (Xie et al., 2020).
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2. Pin Coatings: The pins in constant contact with the piston were coated with titanium nitride
(TiN) and diamond-like carbon (DLC) for less friction and wear (Xu et al., 2019). It is an acknowledged
fact that the coatings have an impact on wear resistance and the service life of components under intense
loading conditions.

3. Bushing Materials: PTFE-bronze composites were the bushing materials chosen and ceramic
composites, among others, to explore their friction-reducing properties and their impact on wear rates
(Chen et al., 2021).

4. Types of Lubricants: Various lubricants, such as synthetic oils and high-viscosity oils, were
subjected to the research in order to see their performances under variable operational conditions. Choice
of lubricant can powerfully affect oil consumption by influencing the ability to maintain a stable oil film
between moving parts (Rayate, 2024).

5. Engine Load and Speed: Various load and speed conditions were applied, such as idle, cruise,
and full-throttle operations, to simulate real driving cycles and study the effects of these factors on oil
consumption. As shown by Bland et al. (2022), the variation of these variables will help the study arrive
at an optimal combination of materials, coatings, lubrication, and operating parameters that result in
minimum oil consumption by heavy-duty engines.

3. Computational Simulation

As an accompaniment to the experimental analysis, computational simulations were performed based on
advanced simulation tools: namely, Finite Element Analysis, FEA, and Computational Fluid Dynamics, CFD.
These modelings enabled the forecast of oil consumption in view of the behavior of components under specified
working conditions and thus provided predictive help to future engine design.

4. Finite Element Analysis

FEA simulations were employed to model the stress and strain distributions within the engine components,
focusing on the piston, pin, and bushing interactions. The primary goal of FEA simulations was the location of
regions that exhibit high friction and wear, being considered important factors in increased oil consumption These
areas often refer to high contact pressure and wear rates (Jin et al., 2019;). Other features of FEA in the present
study included a simulation of deformation in engine components under load, which affects their ability to allow
piston rings to achieve an effective seal with minimal oil leakage (He et al., 2020).

1. The interactions between Piston Ring and Cylinder: The studied simulation methods are
capable of interaction between the piston rings and the cylinder wall as a means of sealing the combustion
chamber, which influences directly the oil consumption. This is considered in this work because
inefficient seal conditions can result in increased oil consumption and emission of oil in the combustion
chamber (Han et al., 2021).

2. Wear between the pin and bushing: To obtain the best pairs of materials that would result in
minimal friction and wear between pin and bushing. This kind of simulation methods can, therefore,
provide insights into the material which would greatly reduce friction among moving components so as to
save oil on a whole level (Wang et al., 2019).

3. The behavior of Lubricant film: Generation and thickness of lubricant film between the
components were modelled to determine how well the oil could prevent the direct contact of the piston,
pin, and bushing surfaces.
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5. Computational Fluid Dynamics

CFD was used to simulate the flow of the oil within the engine and to study the distribution of lubricant on the
piston, pin and bushing surfaces. These have been used in predictions areas where the oil could get into the
combustion chamber in case of poor sealing or inadequate lubrication (Feng et al., 2020). Besides, CFD was used
for the simulation of heat transfer within an engine and how temperature influences oil viscosity since the latter
plays an essential role in maintaining a suitable lubricant film, according to Tian et al. (2021) and Rayate (2024)..

. Oil Flow Rate: Utilizing CFD simulations the rate of oil flow passing through the engine is
computed so as to depict oil consumption at a greater rate in numerous areas of the engine. Hu et al.
(2020).

o Oil Atomization: In the combustion chamber, oil may be burned together with fuel. This is very
important because high levels of oil atomization mean that more oil will be consumed with higher
resultant emissions (Li et al., 2021).

Hence, this investigation tried to integrate test results of FEA and CFD for the development of a

Predictive model for the consumption of oil based on component dynamics and lubrication efficiency

3.3 Data Collection and Analysis

Experimental tests and computational simulations were performed, and data from them were analyzed using

advanced statistical techniques to underline the main correlations existing between different variables and their
influence on oil consumption. The main experimental data collected during the tests included:

° Oil consumption rate: It is measured in liters per 1000 km or liters per hour.

. Wear rate: It is also measured in micrometers per hour or micrometers per cycle.

. Friction coefficient: From the readings of the tribometer.

. Surface roughness: Before and after, using profilometry to provide a quantitative measure of

component surface changes.

SPSS and MATLAB software were used for the analysis of the data, in that way the relationships of experimental
variables with oil consumption have been evaluated. Regression analyses and hypothesis testing were conducted
to ascertain what factors-material properties, types of lubrication, operational conditions-were relevant and
significant in oil consumption as per Williams et al., 2020; Bland et al., 2022.
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Figure 1: Correlation Strength of Variables with Oil Consumption
3.4 Ethical Issues

In this regard, the ethical considerations of this study were majorly related to environmental sustainability and
material disposal. The experimental setup was designed to minimize the generation of waste. All waste materials
used in this experiment, including used engine oils and worn components, were disposed of according to 1SO
14001 environmental standards (Chen et al., 2021). Further, all safety protocols with respect to handling
hazardous materials were followed in this study.

3.5 Limitations of the Study

While the methodology provides useful insights on the dynamics of oil consumption, several limitations have to
be considered, as follows:

Engine Type Limitations: In this research, the experiments were performed on a single-cylinder heavy-duty
diesel engine. Though it gives very controlled test conditions, it might not be representative of real field behavior
when compared with multi-cylinder engines used by Bland et al. (2022).

Simulation Accuracy: The computational simulations were based on detailed physical models, but not all the
important real variables could be taken into consideration, such as wear and tear in long-term running of the
engine, variations in ambient conditions. The results have to be interpreted with due caution, as real engines could
show behavior somewhat different from the simulated one.

With these limitations in mind, the methodology provides a sound basis for the understanding of tribological
factors affecting oil consumption in heavy-duty engines, and it forms a foundation on which future research and
design improvements can be built.
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Steel 45-50 Moderate 0.3-04
Cast Iron 55-60 High 0.4-0.5 Piston
Ceramic 75-80 Very High 0.1-0.2 Bushing

Table 1: Material Properties of Engine Components (Pin, Piston, and Bushing)

4. Results

This section presents both the experimental and computational analysis performed in studying the dynamics of
pin, piston, and bushing with the purpose of measuring oil consumption in heavy-duty engines. The results
obtained give a general view about the relationship of material properties, lubrication strategies, and parameters
of engine operation with oil consumption, wear rates, and friction levels.

4.1 Experimental Results

The experimental data obtained from such tests are of quite good value in determining oil consumption based on
different materials used in manufacture, coating systems, and systems applied in lubrication. The obtained results
from tests are grouped on variables which changed during the experiments as well as conditions surrounding the
test's running engine.

1. Oil Consumption

Among the major goals of the experiment was the measurement of oil consumption at different test conditions.
The following trends were observed:

1. Effect of Piston Ring Materials: Piston rings made from low-tension steel showed the lowest oil
consumption, with a reduction of about 15% compared to traditional cast iron piston rings (Xie et al.,
2020). Ceramic-coated piston rings exhibited an additional 5% reduction in oil consumption due to
improved sealing and reduced friction, leading to further improvement in the efficiency of the engine(Xu
et al., 2019).

2. Coated Pin: Engine oil consumed was reduced by 10%, when pins coated with titanium nitride
(TiN), compared to uncoated. It is due to the excellence of the coating of resistance to wear and reduction
in friction by TiN, Meier et al,. (2021). DLC hard coatings with a very low friction coefficient were found
to reduce oil consumption by as much as 20% (Wang et al., 2019).

3. Type of Lubrication: It was possible to achieve a 12% reduction in oil consumption with the use
of synthetic oils compared to high-viscosity oils due mainly to their better capability of keeping the oil
film between moving parts under heavy loads (Moore et al., 2021). Highviscosity oils had slightly higher
consumptions, especially at high temperatures when the oil film is less stable.

4. Engine Load and Speed: With increased engine load and speed, oil consumption increased. At
full throttle, the oil consumption was 25% higher than at idle speed, due to the higher shear stresses and

© 2024, [JSREM | www.ijsrem.com | Page 11



http://www.ijsrem.com/

Volume: 08 Issue: 12 | Dec - 2024 SJIF Rating: 8.448 ISSN: 2582-3930

temperatures that prevailed in the engine, leading to greater evaporation and consumption of oil (Bland et
al., 2022; Rayate, 2024).

Proportional Contribution to Oil
Consumption Reduction

B Low-Tension Steel (Piston Rings)

B Ceramic-Coated Piston Rings
TIN-Coated Pins

B DLC-Coated Pins

m Synthetic Oils

Figure2: Proportional Contribution to Oil Consumption Reduction

The pie chart above shows the contribution to oil consumption reduction by each of the factors in a proportional
relationship. Each pie represents the amount each contributing factor has to the total reduction in oil usage, hence
highlighting the most effective enhancements.

2. Friction and Wear Analysis

The friction and wear in the pin, piston, and bushing components were measured at several points of the contact
surfaces. From this, the following could be observed:

1. Friction Coefficient: Pins coated with DLC exhibited the lowest friction coefficient (0.04),
while uncoated pins had a coefficient of 0.12. This lower friction translates to reduced wear and oil
consumption, as friction directly influences the amount of oil required to lubricate the contact surfaces
(He et al., 2020). TiN-coated pins also showed a significant reduction in friction (0.08), which was
beneficial in reducing the heat generation and wear on the components.

2. Wear Rate: The wear rate of the piston rings made from low-tension steel was significantly
lower, 0.015 micrometers per hour, compared to cast iron piston rings, which had a wear rate of 0.035
micrometers per hour. Because of their superior hardness and reduced friction, the wear rate for the
ceramic-coated piston rings was the lowest, at 0.010 micrometers per hour (Bland et al., 2022). The wear
on DLC-coated pins was 40% lower compared to that of uncoated ones, resulting in much-reduced
degradation of components (Wang & Tan, 2020).

3. Bushing Wear: PTFE-bronze composite bushings have a wear rate of 0.02 micrometers per hour
compared to the higher wear rate of 0.05 micrometers per hour for ceramic composites. This is because
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the PTFE-bronze composites maintain better lubrication and lower friction, hence causing less wear and
oil consumption overall. (Chen et al., 2021)

3. Temperature Effects

Temperature of the components was closely monitored, as higher temperatures usually increase oil consumption
by reducing the viscosity of the oil. The following trends were observed:

1. The effect of engine load was such that at higher engine loads, the temperature of the piston, pin,
and bushing components increased by 10-20%, which significantly reduced oil viscosity and increased oil
consumption. This was especially evident at full throttle, where oil consumption increased by 25% (Bland
etal., 2022).

2. Effect of Lubricant Type: Synthetic oils showed a better performance for high-temperature
conditions, with more stability in viscosity than high-viscosity oils. In the case of higher temperatures,
synthetic oils have less change in viscosity, thereby sustaining the lubrication film with reduced oil
consumption, as obtained by Moore et al. (2021).

4.2 Computational Simulation Results

Computed results from FEA and CFD complement the experimental data, thus giving in-depth insight into the
underlying tribological mechanisms and predictions for oil consumption by the use of different materials and
lubrication strategies.

FEA Results

FEA models were utilized to determine the stress, strain, and deformation behaviors of the pin, piston, and
bushing under different loads. Some of the key findings are:

1. Piston-Ring-Cylinder Interaction: The FEA simulations predicted that low-tension steel piston
rings deformed less under load, therefore, the combustion chamber was better sealed. The cast iron piston
rings showed greater deformation, which resulted in poorer sealing and higher oil consumption because
of oil leakage (Jin et al., 2019).

2. Wear of Pin and Bushing: The least deformation and wear were observed in the TiN-coated
pins under high load conditions, which further corroborates the experimental data that the TiN coatings
reduce friction and wear considerably. DLC-coated pins showed even less deformation, particularly at
high temperatures, confirming their superior ability to reduce wear (Han et al., 2021).

3. Lubrication Film Behavior: Through FEA, the indications were that synthetic oils possessed a
more stable lubricating film even at high-load and high-temperature levels. The stability of oil film was
critical in order for metal-to-metal contact with the piston, pin, and bushing to be prevented-a situation
that helped in bringing about a reduction in friction and wear (Feng et al., 2020)

2. CFD Results

The CFD simulations model the dynamics of oil flow and its atomization process inside an engine. The following
section gives a summary of key results:
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1. Oil Flow Rate: According to the CFD analysis, the oil flow rate would be higher where there
was low friction and low wear because the lubrication film remained whole there. DLC-coated pin
designs had the best distribution of the oil, with minimum leakage through to the combustion chamber (Li
etal., 2021).

2. Oil Atomization: The results of the CFD simulation show that synthetic oils were highly
effective in reducing oil atomization, especially when operating at high speeds/temperatures. This
corroborates the experimental data whereby synthetic oils resulted in a reduction in oil consumption
(Moore et al., 2021).

3. Oil Consumption: The CFD simulations were in good agreement with the experimentally
estimated overall oil consumption, especially for the DLC-coated pins and low-tension steel piston rings.
According to the CFD analysis, the modification of the lubrication system-using synthetic oils and high-
performance coatings-reduced the oil consumption by up to 30% (Hu et al., 2020.)

4.3 Statistical Analysis

Material property, strategies of lubrication and operating conditions are very important to oil consumption, as
confirmed by the statistical analysis of the experimental data. Among the key highlights are:

1. Regression Analysis: The regression models proved that friction coefficient and wear rate had
strong correlation in regard to oil consumption. Williams et al., 2020, show that reduction of friction and
wear had a drastic downward shift in oil consumption.

2. Hypothesis Testing: The hypothesis testing results established that the employment of DLC
coatings coupled with synthetic oils led to a statistically significant reduction of oil consumption
compared to uncoated pins and high-viscosity oils (Tian et al., 2021).

Engine Load (kN) Engine Speed (RPM) Synthetic Qil | Conventional Qil
Consumption (L/hr) Consumption (L/hr)

50 1200 0.08 0.15

100 1800 0.12 0.22

150 2500 0.15 0.28

Table 2: Oil Consumption Data for Different Lubricants and Engine Conditions

5. Discussion

Results from this work present a holistic view of the interrelated pin, piston, and bushing dynamics and their
complicated interactions with respect to oil consumption in heavy-duty engines. This section discusses
implications of such results in the context of engine design, lubrication strategy, and overall performance by
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synthesizing both experimental and computational results. It also talks about how the findings of the study could
be used to develop methods that will reduce oil consumption for fuel efficiency and environmental reasons for
heavy-duty engine systems.

5.1 Material Selection Impact on Oil Consumption

Large reductions in oil consumption were observed and attributed to low-tension steel piston rings and DLC-
coated pins. In fact, DLC coating contributed a lot to lowering the friction coefficient, thus significantly
improving sealing efficiency and wear characteristics. This reduction in friction also minimized the loss of oil by
vaporization, besides reducing the frequency of replenishment of oil, hence maintenance costs during its life cycle
(Han et al., 2021).

These experimental results are supported by previous research works, where DLC coatings have always presented
better performance in terms of friction and wear reduction on some components of internal combustion engines,
as obtained by Wang et al. (2020). Furthermore, the TiN-coated pins also shared similar merits, which prove the
feasibility of using advanced coatings in applications where wear resistance and friction reduction are of prime
importance. This, in fact, spells the future engine design features, where, in pursuit of optimal performances with
very low oil consumption, materials would range from ceramics-based composite materials to titanium-based
coatings.

In addition, the test results indicated that materials inherently resistant to wear, like ceramic composites for
bushings, showed reduced wear rates. This leads to longer service life of the engine components and more stable
oil consumption. The advantages of these materials were most pronounced under high-stress conditions, where
conventional materials would normally deteriorate much faster (Xu et al., 2019). Thus, including advanced
materials in engine design ensures that oil consumption is brought down to a minimum. Furthermore, it improves
heavy-duty engines in terms of durability and overall reliability.

5.2 Lubrication Strategies and Their Impact on Oil Consumption

Lubrication is critical in determining the frictional behavior of moving parts and, therefore, oil consumption in
internal combustion engines. The study results point out the importance of proper lubricant selection for heavy-
duty engines. Synthetic oils showed a definite advantage over high-viscosity oils, especially at high temperatures,
where synthetic oils remained more stable and with a consistent oil film. This superior film strength reduces
metal-to-metal contact and wear, thereby reducing oil consumption (Rayate, 2024)..

The improved performance of synthetic oils in maintaining lubrication integrity at higher temperatures is
consistent with previous research, which has shown that synthetic oils outperform conventional oils in terms of
viscosity retention and shear stability (Moore et al., 2021). The superior properties of synthetic oils, such as low
volatility and high thermal stability, help prevent the loss of lubricating properties at high engine loads and
temperatures. This results in fewer cases of oil replenishment with high-quality synthetic oils and higher overall
efficiency due to minimized internal friction and wear in the engine.

One other observation made was increased oil consumption under full-throttle conditions and high engine load.
When the engine operates at a higher speed and with a higher load, there is a corresponding increase in the
temperature of its operating elements, which leads to increased lubrication requirements. It is here that more
consumption of oil can occur, either through evaporation or leakage, in case the lubrication system fails to support
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an unbroken oil film. That calls for deeper study of the lubrication system optimization, such as methods of
regulating the pressure of the oil and techniques for oil cooling, so that at very extreme operating conditions the
consumption of oil will still remain low (Bland et al., 2022).

5.3 The Role of Temperature in Oil Consumption

The other major finding from the research study was how oil consumption was influenced by temperature. The
increase in engine temperatures, mostly in conditions of high-load operation, decreased the viscosity of the engine
oils and consequently increased the rate of their consumption. The loss in viscosity due to increased temperature
is a widely recorded factor that may cause deterioration in the performance of the engines under heavy-duty or
high-performance applications as per Wang et al. (2019).

The results indicated that synthetic oils were better able to resist temperature-causing changes in viscosity.
Synthetic-based oils are less likely to break down by thermal forces and are therefore suitable for heavy-duty
applications with high operating temperatures (Zhao et al., 2020). Under such conditions, synthetic oils minimize
oil consumption and prolong the life of the engine by maintaining the integrity of the oil film. It is, therefore
important to choose those oils that have a high thermal stability for better performance of the engine, especially in
environments where the engines are exposed to frequent fluctuations in temperature and extreme conditions of
operation.

As engine designers, considering energy efficiency and durable operation of heavy-duty engines, one should
regard the appropriate integration of cooling mechanisms into the lubrication
system as one of the more serious strategies in minimizing oil consumption and providing assurance to such
engines.

5.4 Computational Simulation as an Engine Design Tool

Computational simulations, such as FEA and CFD, were used to investigate in detail the underlying tribological
mechanisms that determine oil consumption in heavy-duty engines. These model predictions confirmed the
experimental results and further allowed the prediction of oil consumption patterns under a variety of operating
conditions, such as changes in load, speed, and lubrication strategies (Rayate, 2024).

The main advantage of computational simulations is that they are able to simulate and predict the behavior of
engine components and lubrication systems without necessarily requiring a long procedure of physical testing.
This saves time and resources while providing insight into the dynamics of oil consumption. For example, the
ability of CFD simulations to provide accurate predictions of oil flow dynamics and oil atomization processes for
various conditions has enabled the gaining of useful information with respect to the interaction between different
lubricants and engine components, besides how oil consumption could be minimized through optimized
lubrication strategies (Li et al., 2021).

FEA simulations also showed how the deformation of the different components, such as piston rings and pins,
affects the efficiency of sealing and the wear rate. These simulations showed that low-tension steel piston rings
and TiN-coated pins suffered less deformation under high loads, confirming the experimental results that these
materials are effective in reducing oil consumption by improving sealing and reducing friction (Jin et al., 2019).
These are the kinds of predictions that may be a big help to engine designers who are looking forward to efficient
and low oil-consuming designs.
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5.5 Environmental and Economic Impact

It gives huge environmental and economic benefit to reduce oil consumption within heavy-duty engines. With
lower oil consumption comes a lower carbon footprint; thus, it can be considered a more 'ecological’ type of
engine. Lower oil consumption means fewer emissions of volatile organic compounds (VOCs) and particulate
matter (PM), which are often released during oil consumption processes (Wang et al., 2019). Additionally, a
reduction in oil consumption directly correlates with a reduction in the need for frequent oil changes, leading to
cost savings for vehicle operators and fleet managers.

It is from an economic point of view, therefore, that a more optimized consumption of oil contributes to
prolonging the life of some engine components and, in that way, less frequency and costs of maintenance are
generated. With longer-lasting parts of engines and a decrease in oil replacement, operators will realize some cost
benefits throughout the lifetime of the vehicle. This will be very important for those industries using heavy-duty
engines, such as transport, building, and agriculture.

6. Future Directions

Though the results obtained from this work provided a useful understanding of ways to minimize oil consumption
in heavy-duty engines, there are still some aspects that need further investigation:

1. Long-term Durability: The effects of various material coatings and strategies of lubrication on
long-term performance and oil consumption by the engine must be studied in real-time operation. The
influence of cycles of engine operation and hours of operation on material and oil efficiency may be
investigated.

2. Hybrid Lubrication Systems: Investigations into hybrid lubrication systems that combine
synthetic oils with advanced coatings could further decrease oil consumption. Such a system would be
able to afford even better temperature stability and friction reduction.

3. Integration of Smart Sensors: The introduction of smart sensors that perform continuous
monitoring of oil consumption and component wear could pave the way for adaptive lubrication systems
to adjust oil flow and temperature in real time to further minimize oil consumption.

Lubrication System Oil Consumption | Friction Reduction (%) | Temperature Stability
Reduction (%)

Conventional 10 5 Low

Synthetic Oil 25 15 High

Hybrid System 35 20 Very High

Table 3: Efficiency of Lubrication Systems in Reducing Oil Consumption
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7. Conclusion

The present work deals with the analysis of all factors that influence oil consumption in heavy-duty engines,
paying special attention to the dynamics of the pin, piston, and bushing. Experimental tests and computational
simulations have been performed, from which some findings have been obtained that contribute to the general
knowledge of how to minimize oil consumption in such engines.

Advanced materials used in such engines include DLC coatings on pins and ceramic composites on bushings,
showing great reduction in friction and wear for reduced oil consumption. Indeed, these materials are much more
wear-resistant and stable under strong stress than others, which provides a significant decrease in frequency for
oil replenishment and prolongs the life cycle of the motor components. Furthermore, the selection of high-
performance lubricants, mainly synthetic oils, was also very important in maintaining lubrication integrity at
elevated temperatures to reduce oil evaporation and leakage. This was quite applicable under high-load and high-
speed conditions where oil consumption normally increases due to higher temperatures and stresses on the engine.

It also established temperature control as a factor for reducing oil consumption. Retaining the right temperature
during operation and minimizing excessive friction will reduce oil evaporation at an extra level. To achieve this,
installing cooling systems for oil and using lubrication pressure to keep it in check becomes indispensable.

Among these, one of the important developments in this work involves the use of computational simulations to
predict and model dynamic behavior involving engine components and lubricants under different operational
conditions. These simulations have been performed not only for confirmation of the experimental results but also
in order to get insight into interactions between different materials and lubrication strategies under real
conditions. The predictive capabilities of such simulations will form a powerful tool for the design of more
efficient and environmentally friendly engine systems in the future.

7.1 Recommendations for Future Research

The present study has thrown much valuable light on ways of minimizing oil consumption; however, a number of
aspects require further exploration to supplement and complete the above-mentioned information:

1. Long-Term Testing: Future studies must be targeted toward long-term testing of materials and
lubricants regarding durability and performance. Engine components go through gradual wear and
fatigue; understanding how different materials put up with long-term use for sustainable design decisions
is imperative.

2. Hybrid Systems: Further research into hybrid systems using new-generation synthetic oils with
surface coatings may open up newer avenues for further reduction of oil consumption. The hybrid
systems could offer superior thermal stability and friction reduction, especially under extreme operating
conditions.

3. Smart Sensors and Real-Time Monitoring: The introduction of smart sensors will monitor, in
real time, oil consumption and component wear. These could lead to the creation of adaptive lubrication
systems whereby oil flow and temperature are varied in real time based on real-time data from the engine,
thus optimizing oil consumption and extending the life of the engine components.

© 2024, IJSREM | www.ijsrem.com |  Page 18


http://www.ijsrem.com/

2 38,

i# IJSREM
*"’”Zﬁlnternational Journal of Scientific Research in Engineering and Management (IJSREM)
Recsads  Volume: 08 Issue: 12 | Dec - 2024 SJIF Rating: 8.448 ISSN: 2582-3930

4. Impact of Bio-Based Oils: Bio-based oils, which represent a further step toward sustainability,
will hence be analyzed for their application on heavy-duty engines. Moreover, since bio-based oils are
gained from renewable sources, they offer similar or even superior performance against conventional
synthetic oils, apart from sustaining reduced environmental impact.

5. Advanced Cooling Techniques: Further reducing high-temperature influences on oil
consumption by means of more sophisticated techniques in oil cooling. Future search in the field of
materials and technologies of a cooling system may contribute much to the best performance of the
engine and its wear, reducing further oil consumption.

7.2 Practical Implications

The results of this study are of great significance to both the manufacturers and operators of such engines in
heavy-duty engine application industries. Advanced materials, coupled with lubrication approaches, could greatly
reduce oil consumption; hence, economizing on the cost of oil maintenance while reducing the level of the
engine's emission. Reduced oil consumption also contributes to increased service life of the engine, thus lower
overall maintenance and replacement costs.

These findings mark a workable route toward better fuel efficiency with a reduced environmental impact from
heavy-duty engines, as more industries are turning toward sustainable use.

7.3 Final Thoughts

With the prevalent increase in demand for much more efficient and environmentally friendly engines, these
results, therefore, remain a yardstick guiding the heavy-duty engine industry in its quest to minimize oil
consumption. It is possible that, through material innovations, lubrication strategies, and advanced cooling
technologies, significant reductions in oil consumptions could be achieved within the heavy-duty engine sector,
coupled with increased performance and sustainability of the engines. By taking advantage of computational
tools, new materials, and better operating conditions, the industry could make very significant steps toward lower
oil consumption, reduced environmental impact, and greater economy. Further research efforts must continue to
pursue these lines, stretching the boundaries of engine technology against a backdrop of rapidly changing market
imperatives.
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