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Abstract- This research focuses on the design and structural analysis of internal combustion (IC) engine piston
heads with top surface modifications, emphasizing improved thermal and mechanical performance. Given the
piston’s critical role in enduring high pressure and temperature cycles, this study investigates the influence of
advanced materials, optimized geometry, and surface modifications on its structural integrity and thermal
behavior. Aluminum alloys and composite materials were evaluated for their heat dissipation and strength
characteristics, while ceramic and catalytic coatings were considered for emission control and thermal
resistance. Finite Element Analysis (FEA) was performed using ANSYS to simulate stress distribution,
deformation, and temperature gradients under various loading conditions. The study also assesses the effect of
different piston head geometries—flat, bowl, square bowl, and dome—on performance, revealing that bowl-
type pistons offer optimal stress and thermal resistance. Surface modifications were found to enhance air-fuel
mixing through improved swirl and squish effects, contributing to reduced NOx and PM emissions. The
findings underscore the significance of geometrical optimization and advanced materials in extending piston

life and achieving high-performance engine design.
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l. INTRODUCTION optimization of the piston's structural design are
crucial in mitigating potential failure modes and

The piston stands as a cornerstone within the Subjected to intense pressures and temperatures,
intricate architecture of internal combustion (IC) necessitating a robust design capable of
engines, enduring severe mechanical and thermal Withstanding these extreme conditions while
stresses throughout the engine's operational cycles Maintaining its structural integrity. Given these
[1]. Its primary function involves converting the demands, the design and analysis of IC engine
energy released during combustion into mechanical ~Pistons have become a focal point of research and
work, thereby dictating the engine's overall development, aiming to create more durable,
efficiency and reliability. A well-engineered piston €fficient, and high-performing engines for various
design is paramount for ensuring optimal engine applications.

performance, longevity, and fuel efficiency. The

selection of appropriate materials and the
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The design and material selection for pistons are
not arbitrary decisions but rather essential
considerations that directly impact the engine's
durability and overall performance [1]. The piston
must withstand the cyclic combustion pressures,
resist thermal fatigue, and minimize wear to ensure
prolonged engine life. Furthermore, the piston's
weight and thermal conductivity influence the
engine's efficiency and fuel consumption. A lighter
piston reduces inertial forces, allowing for faster
engine speeds and improved responsiveness. High
thermal conductivity facilitates heat dissipation,
preventing localized hot spots that could lead to
premature failure. Therefore, a comprehensive
approach to piston design involves a careful
balance of these factors, guided by advanced
modeling and simulation techniques to predict and
optimize performance under real-world operating
conditions.

Optimizing piston design is a strategic approach
that can significantly enhance the efficiency and
reliability of IC engines [1]. Through advanced
modeling and simulation, engineers can fine-tune
the piston's geometry, material composition, and
cooling mechanisms to achieve peak performance.
This optimization process involves iterative design
modifications, rigorous testing, and validation to
ensure that the final product meets the stringent
demands of modern engine technology. By
reducing friction, minimizing weight, and improving
heat transfer, an optimized piston design
contributes to increased power output, reduced fuel
consumption, and lower emissions. This holistic
approach not only extends the engine's lifespan but
also aligns with the growing need for sustainable

and environmentally friendly  transportation
solutions.
Engine pistons represent one of the most

sophisticated components found in the automotive
sector and across various other industrial
applications [2]. Their complex design reflects the
multitude of demands placed upon them, including
withstanding high pressures and temperatures,
maintaining structural integrity under cyclic loading,
and facilitating efficient heat transfer. The intricate
geometry of the piston, often incorporating

features such as cooling channels and optimized
crown shapes, is a testament to the engineering
challenges involved in their design. Furthermore,
the materials used in piston construction, ranging
from conventional aluminum alloys to advanced
composites, are carefully selected to meet specific
performance requirements. As engine technology
continues to evolve, the design and analysis of
pistons remain at the forefront of innovation,
driving improvements in engine efficiency,
durability, and overall performance.

The piston can be regarded as the most critical
element within the intricate assembly of an engine
[2]. Its central role in converting combustion energy
into mechanical work underscores its significance in
determining the engine's overall performance and
reliability. The piston's ability to withstand extreme
conditions, including high pressures, elevated
temperatures, and rapid acceleration, is essential for
maintaining efficient engine operation.
Furthermore, the piston's design directly influences
factors such as combustion efficiency, heat transfer,
and wear resistance, all of which contribute to the
engine's longevity and fuel economy. In this
context, the piston serves as a linchpin, connecting
the combustion process to the mechanical output
of the engine, making it an indispensable
component in modern engine technology.

Role of Structural and Thermal Analysis

Structural analysis plays a pivotal role in evaluating
the mechanical behavior, stress distribution, and
deformation characteristics of the piston under a
spectrum of operating conditions [3]. This type of
analysis employs sophisticated computational
techniques to simulate the forces and stresses
acting on the piston during engine operation. By
understanding how the piston responds to these
loads, engineers can identify potential weak points
in the design and optimize the piston's geometry
and material composition to enhance its structural
integrity. Structural analysis also provides valuable
insights into  the piston's  deformation
characteristics, ensuring that it maintains its shape
and functionality under extreme conditions. This
comprehensive approach is essential for preventing
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premature failure and maximizing the piston's
operational lifespan.

Thermal analysis is an indispensable tool for
investigating heat transfer mechanisms,
temperature distribution, and thermal stress

accumulation within the piston [3]. The piston is
subjected to intense heat during the combustion
process, which can lead to thermal stresses and
potential material degradation. Thermal analysis
enables engineers to map the temperature
distribution across the piston's surface and identify
areas of high thermal stress concentration. By
understanding these thermal dynamics, engineers
can optimize the piston's cooling mechanisms, such
as oil jets and cooling channels, to effectively
dissipate heat and maintain a safe operating
temperature. This ensures that the piston retains its
structural integrity and performance characteristics
under extreme thermal conditions.

Finite Element Analysis (FEA) serves as a critical
methodology for evaluating the structural integrity
of the piston when subjected to thermal and
mechanical stresses during the combustion cycle
[1]. By dividing the piston into a mesh of small
elements, FEA allows engineers to simulate the
complex interactions between thermal and
mechanical loads, predicting stress distribution,
deformation, and potential failure modes. This
simulation-based approach provides valuable
insights into the piston's behavior under real-world
operating conditions, enabling engineers to identify
and address design weaknesses before they lead to
catastrophic failures. FEA is an essential tool for
optimizing piston design and ensuring its durability
and reliability.

FEA is instrumental in pinpointing potential failure
zones within the piston by thoroughly analyzing
stress distribution and deformation patterns [1].
Through detailed simulations, engineers can
identify areas of high stress concentration, which
are prone to cracking and fatigue failure. FEA also
reveals how the piston deforms under load,
providing valuable information about its structural
stability and ability to maintain its shape and
functionality. By understanding these critical

parameters, engineers can make informed design
modifications, such as adding reinforcing features
or optimizing material selection, to mitigate
potential failure modes and enhance the piston's
overall durability.

Analyzing thermal stress and damages resulting
from pressure application is of utmost importance
in optimizing piston design [2]. The piston is
subjected to cyclic pressure loads during the
combustion process, which can lead to fatigue
failure over time. Additionally, thermal stresses
induced by high temperatures can exacerbate these
effects, further compromising the piston's structural
integrity. By understanding the interplay between
thermal and mechanical stresses, engineers can
develop design strategies to minimize stress
concentrations, improve heat dissipation, and
enhance the piston's resistance to fatigue failure.
This comprehensive approach is essential for
ensuring the long-term reliability and performance
of IC engine pistons.

Significance of Top Surface Modification

Modifying the top surface of the piston is a pivotal
strategy for optimizing various combustion mode
strategies in modified Gasoline Direct Injection
(GDI) engines, with the primary goal of reducing
NOx and Particulate Matter (PM) emissions [4]. GDI
engines, while offering improved fuel efficiency and
performance, are prone to increased NOx and PM
emissions due to their combustion characteristics.
By carefully modifying the piston's top surface,
engineers can influence the air-fuel mixture
formation, combustion process, and exhaust gas
composition, thereby mitigating these emissions.
This approach involves tailoring the piston's
geometry to promote efficient combustion, reduce
wall wetting, and optimize the distribution of fuel
within the combustion chamber. The modifications
are designed to work in synergy with other engine
parameters, such as fuel injection timing and spark
timing, to achieve optimal emission control.

The design of the piston crown shape is of
paramount importance in preventing wall wetting
during fuel injection [4]. Wall wetting occurs when
fuel droplets impinge on the cylinder walls, leading
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to incomplete combustion and increased
hydrocarbon emissions. By carefully shaping the
piston crown, engineers can direct the fuel spray
away from the cylinder walls, promoting better air-
fuel mixing and reducing the likelihood of wall
wetting. This design strategy involves considering
the fuel injector's position, spray angle, and fuel
characteristics to create a piston crown shape that
optimizes fuel distribution and minimizes emissions.
The piston crown's geometry is tailored to the
specific combustion mode and engine operating
conditions, ensuring efficient and clean combustion
across the engine's entire operating range.

Modifying the crown surface profiles of the piston
serves to impart swirl and squish effects, which are
essential for enhancing the mixing of air and
injected fuel [4]. Swirl refers to the rotational
motion of the air-fuel mixture within the cylinder,
while squish describes the radial movement of the
mixture towards the cylinder's center. These effects
promote turbulence and improve the homogeneity
of the air-fuel mixture, leading to more complete
combustion and reduced emissions. By carefully
shaping the piston crown, engineers can generate
and control swirl and squish, optimizing the
combustion process for various engine operating
conditions. The crown's geometry is designed to
interact with the intake air flow and fuel spray,
creating the desired flow patterns and mixture
characteristics.

Proper modification of the piston crown aids in
maintaining the combustion chamber surface
temperature within optimal limits, which is critical
for reducing soot particle/PM emission and NOx
emission from the combustion process [4]. The
temperature within the combustion chamber
directly influences the formation of NOx and PM
emissions. By optimizing the piston crown's shape,
engineers can control the heat distribution within
the chamber, preventing localized hot spots that
promote NOx formation and reducing the
formation of soot particles. This approach involves
designing the crown to effectively dissipate heat,
promote uniform temperature distribution, and
minimize thermal stresses. The modifications are
tailored to the specific engine operating conditions

and combustion mode, ensuring efficient and clean
combustion across the engine's entire operating
range.

Different piston head designs significantly impact
piston performance, influencing factors such as
stress, temperature, and deformation [5]. The piston
head, being the primary interface with the
combustion gases, is subjected to extreme thermal
and mechanical loads. The design of the piston
head directly affects the distribution of these loads,
influencing the piston's structural integrity, heat
transfer characteristics, and overall performance.
Different head designs, such as flat-top, bowl, and
dome shapes, exhibit varying stress concentrations,
temperature gradients, and deformation patterns.
By understanding these relationships, engineers can
optimize the piston head design to enhance engine
efficiency, reduce emissions, and improve durability.
The selection of the appropriate head design
depends on the specific engine application,
combustion mode, and performance requirements.

Materials for IC Engine Pistons

Conventional Aluminum Alloys

Conventional aluminum alloys are extensively
utilized in piston manufacturing, primarily due to
their advantageous combination of lightweight
properties and excellent thermal conductivity [1].
The lightweight nature of aluminum reduces the
inertial forces acting on the piston, enabling faster
engine speeds and improved responsiveness. Its
high thermal conductivity facilitates efficient heat
dissipation, preventing localized hot spots and
minimizing the risk of thermal fatigue. These
properties make aluminum alloys a preferred choice
for a wide range of engine applications, from
passenger cars to high-performance racing engines.
The specific composition of the aluminum alloy is
carefully selected to meet the demands of the
engine's operating conditions, balancing strength,
thermal resistance, and wear characteristics.

Aluminum alloys are commonly selected for
conducting structural and thermal analyses of
pistons, providing a baseline for evaluating their
performance under simulated operating conditions
[2]. These analyses involve subjecting the aluminum
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alloy piston model to various thermal and
mechanical loads, predicting stress distribution,
deformation patterns, and temperature gradients.
The results of these simulations provide valuable
insights into the piston's structural integrity, heat
transfer characteristics, and overall performance. By
comparing the simulation results with experimental
data, engineers can validate the accuracy of the
models and refine the design to optimize
performance and durability. Aluminum alloys serve
as a benchmark material for assessing the
effectiveness of design modifications and the
suitability of alternative materials.

Aluminum silicon alloys are frequently employed in
piston  construction; however, they exhibit
significant expansion when exposed to the elevated
temperatures generated within the engine [6]. This
thermal expansion can lead to reduced clearance
volume, potentially causing the piston to seize
within the cylinder. To mitigate this issue, engineers
carefully control the silicon content in the alloy,
optimizing the balance between thermal expansion,
strength, and wear resistance. Furthermore, design
features such as piston skirts and expansion control
slots are incorporated to accommodate thermal
expansion and maintain proper clearance under
varying operating conditions. While aluminum
silicon alloys offer excellent thermal conductivity
and lightweight properties, their thermal expansion
characteristics must be carefully managed to ensure
reliable engine operation.

The AISi10Mg alloy is a compatible material for
piston manufacturing, offering a combination of
properties that make it suitable for demanding
engine applications [7]. This alloy exhibits good
strength, ductility, and corrosion resistance, while
also maintaining a relatively low density. AlSi10Mg
is often used in additive manufacturing processes,
such as laser powder bed fusion, allowing for the
creation of complex piston geometries with
optimized cooling channels and weight reduction
features. The alloy's suitability for additive
manufacturing enables engineers to explore
innovative designs and tailor the piston's properties
to meet specific performance requirements.
AISi10Mg represents a versatile material choice for

modern piston design, offering a balance of
performance,  manufacturability, =~ and  cost-
effectiveness.

Aluminum alloy demonstrates the highest heat flux
and the lowest temperature on the piston head
when subjected to thermal loads [8]. This
characteristic is crucial for efficient heat dissipation,
preventing localized hot spots and minimizing the
risk of thermal fatigue. The high heat flux indicates
that the aluminum alloy effectively transfers heat
away from the combustion chamber, maintaining a
lower temperature on the piston head. This
contributes to improved combustion efficiency,
reduced emissions, and enhanced engine durability.
The superior thermal performance of aluminum
alloy makes it a preferred material for piston
construction, particularly in applications where heat
management is critical.

Advanced Composite Materials

Advanced materials like reinforced composites are
being explored to improve piston strength and heat
dissipation capabilities [1]. These composites
typically consist of a matrix material, such as
aluminum or polymer, reinforced with high-
strength fibers like carbon or silicon carbide. The
resulting material offers a superior strength-to-
weight ratio compared to conventional aluminum
alloys, enabling the design of lighter pistons that

can withstand higher combustion pressures.
Furthermore, the incorporation of thermally
conductive fibers enhances heat dissipation,

reducing the risk of thermal fatigue and improving
engine efficiency. Reinforced composites represent
a promising avenue for advancing piston
technology, offering the potential for increased
performance, reduced emissions, and improved
durability.

Composite materials, especially AA7275, improve
structural integrity and thermal efficiency in piston
designs [3]. AA7275 is an aluminum alloy known for
its high strength and excellent fatigue resistance.
When used as a matrix material in a composite, it
provides a strong and durable foundation for
withstanding the demanding conditions within an
engine. The addition of reinforcing materials, such
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as ceramic particles or carbon fibers, further
enhances the composite's structural integrity and
thermal properties. This combination of high
strength and efficient heat dissipation makes
AA7275 composites a viable option for high-
performance piston applications.

Composite pistons can minimize expansion
compared to conventional aluminum silicon alloys
[6]. By carefully selecting the matrix and reinforcing
materials, engineers can tailor the composite's
coefficient of thermal expansion to match that of
the cylinder liner. This minimizes the risk of piston
seizure due to thermal expansion, allowing for
tighter clearances and improved engine efficiency.
Furthermore, the lower thermal expansion of
composite pistons reduces thermal stresses,
enhancing their fatigue resistance and extending
their operational lifespan. Composite materials offer
a unique advantage in controlling thermal
expansion, enabling the design of more reliable and
efficient engines.

A composite matrix consisting of aluminum mixed
with silicon carbide particulates enhances the wear
resistance of pistons [9]. Silicon carbide is an
extremely hard and wear-resistant material, making
it an ideal reinforcement for aluminum. The
resulting composite exhibits significantly improved
resistance to abrasive and adhesive wear, extending
the piston's lifespan and reducing the need for
frequent replacements. This is particularly beneficial
in high-performance engines where pistons are
subjected to extreme loads and temperatures. The
addition of silicon carbide particulates provides a
cost-effective way to enhance the wear resistance
of aluminum pistons, improving their durability and
reliability.

AISiC-12  demonstrates superior performance
compared to Al-6061 due to its lighter weight [9].
AISiC-12 is an aluminum silicon carbide composite
material that combines the lightweight properties
of aluminum with the high stiffness and thermal
conductivity of silicon carbide. This material offers a
significant weight reduction compared to Al-6061, a
common aluminum alloy, without sacrificing
structural integrity. The lighter weight of AISiC-12

reduces inertial forces, allowing for faster engine
speeds and improved responsiveness. Furthermore,
its enhanced thermal conductivity facilitates
efficient heat dissipation, improving engine
efficiency and reducing the risk of thermal fatigue.
AISiC-12 represents a promising material choice for
high-performance piston applications where weight
reduction and thermal management are critical.

Alternative Materials and Coatings

Steel pistons are designed for marine diesel engines
to withstand the increased thermal and mechanical
stresses [10]. Marine diesel engines operate under
extremely demanding conditions, requiring robust
components that can endure high combustion
pressures and temperatures. Steel offers superior
strength and fatigue resistance compared to
aluminum alloys, making it a suitable material for
these applications. Steel pistons are typically
designed with advanced cooling features, such as
oil galleries, to effectively dissipate heat and
prevent thermal fatigue. The design and material
selection of steel pistons for marine diesel engines
are critical for ensuring reliable operation and long
service life.

Aluminum Silicon alloy steel is utilized for thermal
stress analysis to evaluate its performance under
high-temperature conditions [11]. This material
combines the benefits of both aluminum and steel,
offering a balance of strength, thermal conductivity,
and wear resistance. Thermal stress analysis
involves subjecting the material model to simulated
engine operating conditions, predicting stress
distribution, temperature gradients, and potential
failure modes. The results of these simulations
provide valuable insights into the material's
suitability for piston construction, guiding design
modifications and material selection. Aluminum
Silicon alloy steel represents a viable alternative
material for piston applications where a
combination of properties is required.

Ceramic coatings are applied to pistons to decrease
heat losses and reduce harmful emissions [12].
Ceramic materials possess low thermal conductivity,
acting as a thermal barrier that reduces heat
transfer from the combustion chamber to the
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piston. This results in higher combustion
temperatures, leading to more complete
combustion and reduced emissions  of

hydrocarbons and carbon monoxide. Furthermore,
ceramic coatings can improve the wear resistance
of the piston, extending its operational lifespan. The
application of ceramic coatings represents an
effective strategy for enhancing engine efficiency,
reducing emissions, and improving piston
durability.

Lanthanum Cerate (La2Ce207) is utilized as a
coating material for diesel engine pistons, providing
thermal barrier properties and reducing heat losses
[12]. This ceramic material exhibits low thermal
conductivity and high thermal stability, making it
suitable for high-temperature engine applications.
The application of Lanthanum Cerate coating
reduces heat transfer from the combustion
chamber to the piston, increasing combustion
temperatures and improving engine efficiency.
Furthermore, the coating can enhance the piston's
wear resistance, extending its operational lifespan.
Lanthanum Cerate represents a promising coating
material for diesel engine pistons, offering the
potential for improved performance, reduced
emissions, and enhanced durability.

Copper chromium zirconium (CuCr1Zr) catalytic
coated pistons produce lower emissions and
improved performance [13]. The copper chromium
zirconium coating acts as a catalyst, promoting the
oxidation of hydrocarbons and carbon monoxide in
the exhaust gas. This reduces emissions of these
harmful pollutants, contributing to cleaner engine
operation. Furthermore, the coating can improve
the heat transfer characteristics of the piston,
enhancing combustion efficiency and increasing
power output. Copper chromium zirconium
catalytic coated pistons represent an effective
strategy for improving engine performance and
reducing emissions, aligning with increasingly
stringent environmental regulations.

Piston Geometry and Design Parameters
Standard Design Parameters

Standard design parameters for pistons encompass
bore diameter, stroke length, and compression

ratio, which are fundamental in determining engine
performance and efficiency [1]. Bore diameter refers
to the diameter of the cylinder, while stroke length
represents the distance the piston travels within the
cylinder. The compression ratio is the ratio of the
cylinder's volume at its largest point to its volume
at its smallest point. These parameters are carefully
selected to optimize combustion efficiency, power
output, and engine durability. They influence
factors such as cylinder volume, surface area-to-
volume ratio, and the amount of air and fuel that
can be drawn into the cylinder. The selection of
these parameters is a critical step in engine design,
balancing performance, efficiency, and reliability.

Piston geometry significantly influences piston
performance,  affecting  stress  distribution,
temperature gradients, and deformation patterns
[5]. The shape of the piston crown, the design of
the piston skirt, and the presence of features such
as cooling channels and expansion control slots all
contribute to the piston's overall performance.
Different piston geometries exhibit varying stress
concentrations,  temperature  gradients, and
deformation patterns under load. By understanding
these relationships, engineers can optimize the
piston's geometry to enhance engine efficiency,
reduce emissions, and improve durability. The
selection of the appropriate piston geometry
depends on the specific engine application,
combustion mode, and performance requirements.
Concave and convex piston profiles are designed to
optimize thermal behavior, influencing heat transfer
and temperature distribution within the piston [14].
Concave profiles, characterized by a recessed
crown, can promote turbulence and improve air-
fuel mixing, leading to more complete combustion.
Convex profiles, featuring a raised crown, can
enhance heat dissipation and reduce thermal
stresses. The selection of the appropriate profile
depends on the specific engine operating
conditions and combustion mode. By carefully
designing the piston profile, engineers can tailor
the thermal behavior of the piston to optimize
engine performance and durability.

Four common piston head designs include flat-top,
bowl, square bowl, and dome pistons, each
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exhibiting unique performance characteristics [5].
Flat-top pistons are simple and cost-effective,
offering good combustion efficiency in certain
engine designs. Bow! pistons, featuring a recessed
bowl in the crown, promote swirl and improve air-
fuel mixing, enhancing combustion efficiency and
reducing emissions. Square bowl pistons offer
similar benefits to bowl pistons but with a more
defined bowl shape. Dome pistons, characterized
by a raised dome, increase the compression ratio,
enhancing power output. The selection of the
appropriate piston head design depends on the
specific engine application, combustion mode, and
performance requirements.

The dimension of a piston is based on the cylinder
of a spark ignition engine, ensuring proper fit and
functionality within the engine [5]. The piston's
diameter must match the cylinder bore, while its
height and skirt length are determined by the
engine's stroke length and connecting rod
geometry. Proper piston dimensions are crucial for
maintaining proper clearance between the piston
and cylinder wall, preventing piston slap and
ensuring efficient sealing. The piston's dimensions
are carefully calculated to optimize engine
performance, durability, and reliability. The design
process considers factors such as thermal
expansion, wear, and lubrication to ensure proper
piston operation under varying engine conditions.

Design Optimization Techniques

Design modifications, including optimization of
piston geometry and weight reduction, improve
engine efficiency and reduce wear [1]. Optimizing
the piston's geometry can enhance combustion
efficiency, improve heat transfer, and reduce stress
concentrations. Weight reduction minimizes inertial
forces, allowing for faster engine speeds and
improved responsiveness. These modifications
contribute to increased power output, reduced fuel
consumption, and lower emissions. The design
process involves iterative design changes,
simulations, and testing to identify the optimal
combination of geometry and weight.

Topology optimization is employed to eliminate
unnecessary material, resulting in a lighter piston

design without compromising structural integrity
[5], [15]. This computational technique identifies
areas of the piston that are subjected to low stress
and removes material from those areas, reducing
the overall weight of the piston. Topology
optimization is often used in conjunction with finite
element analysis to ensure that the optimized
design meets the required strength and stiffness
criteria. The resulting lighter piston reduces inertial
forces, improving engine performance and fuel
efficiency.

Finite element analysis (FEA) is a crucial tool for
design optimization, enabling engineers to simulate
the piston's behavior under various operating
conditions and identify areas for improvement [16].
FEA allows engineers to predict stress distribution,
deformation patterns, and temperature gradients
within the piston, providing valuable insights into
its structural integrity and thermal performance. By
using FEA, engineers can evaluate the effectiveness
of design modifications and optimize the piston's
geometry and material composition to meet
specific performance requirements. FEA is an
essential component of the design optimization
process, ensuring that the final product meets the
stringent demands of modern engine technology.

Mesh optimization is used to predict the
component’'s greater stress and critical region,
refining the finite element model to improve the
accuracy of the simulation results [17]. Mesh
optimization involves adjusting the size and density
of the elements in the finite element mesh,
concentrating elements in areas of high stress
concentration and reducing element density in
areas of low stress. This improves the accuracy of
the stress predictions, allowing engineers to identify
critical regions and optimize the design accordingly.
Mesh optimization is an important step in the FEA
process, ensuring that the simulation results are
reliable and accurate.

The piston’s upper end, which includes the piston
head/crown, as well as the piston skirt and sleeve, is
optimized to reduce stress concentration,
enhancing the piston's durability and extending its
operational lifespan [17]. The piston head/crown is
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subjected to high combustion pressures and
temperatures, making it prone to fatigue failure.
Optimizing the geometry of the piston head/crown
can reduce stress concentrations and improve its
resistance to fatigue. The piston skirt and sleeve are
also optimized to minimize friction and wear,
ensuring smooth and reliable piston operation.
These optimization efforts contribute to improved
engine performance, reduced emissions, and
enhanced durability.

Influence of Piston Head Designs

Different piston head designs influence stress,
deformation, and  temperature  distribution,
impacting the piston's overall performance and
durability [5]. The piston head, being the primary
interface with the combustion gases, is subjected to
extreme thermal and mechanical loads. The design
of the piston head directly affects the distribution
of these loads, influencing the piston's structural
integrity, heat transfer characteristics, and overall
performance. Different head designs, such as flat-
top, bowl, and dome shapes, exhibit varying stress
concentrations,  temperature  gradients, and
deformation patterns. By understanding these
relationships, engineers can optimize the piston
head design to enhance engine efficiency, reduce
emissions, and improve durability.

Bowl piston designs have lower stress, deformation,
and temperature compared to other designs,
making them a preferred choice for high-
performance engines [5]. The recessed bowl in the
piston crown promotes swirl and improves air-fuel
mixing, enhancing combustion efficiency and
reducing emissions. The bowl shape also reduces
stress concentrations, improving the piston's
resistance to fatigue failure. Furthermore, the bowl
design facilitates heat dissipation, reducing the
piston's operating temperature and minimizing the
risk of thermal fatigue. Bowl piston designs offer a
combination of performance, durability, and
efficiency, making them a popular choice for
modern engine technology.

Optimized piston geometries result in lower stress,
deformation, and temperature compared to original
pistons, enhancing the piston's overall performance

and extending its operational lifespan [5]. Through
design modifications and optimization techniques,
engineers can fine-tune the piston's geometry to

minimize stress concentrations, improve heat
transfer, and reduce deformation under load. The
resulting optimized design exhibits superior
structural integrity and thermal performance

compared to the original design, contributing to
improved engine efficiency, reduced emissions, and
enhanced durability.

Piston crown profile modifications are essential for
various combustion mode strategies in GDI engines,
enabling precise control over air-fuel mixing,
combustion, and emissions [4]. GDI engines offer
improved fuel efficiency and performance but are
prone to increased NOx and PM emissions due to
their combustion characteristics. By carefully
modifying the piston crown profile, engineers can
tailor the combustion process to minimize these
emissions. The crown profile is designed to
promote efficient combustion, reduce wall wetting,
and optimize the distribution of fuel within the
combustion chamber. These modifications are
critical for achieving optimal emission control in
GDI engines.

Piston crown shape design is important to avoid
wall wetting during fuel injection, preventing
incomplete combustion and reducing hydrocarbon
emissions [4]. Wall wetting occurs when fuel
droplets impinge on the cylinder walls, leading to
incomplete combustion and increased hydrocarbon
emissions. By carefully shaping the piston crown,
engineers can direct the fuel spray away from the
cylinder walls, promoting better air-fuel mixing and
reducing the likelihood of wall wetting. This design
strategy involves considering the fuel injector's
position, spray angle, and fuel characteristics to
create a piston crown shape that optimizes fuel
distribution and minimizes emissions.

Modeling and Simulation Techniques

CAD Software for Piston Modeling

SolidWorks software is utilized for the conceptual
design of the piston, providing a user-friendly
interface and powerful modeling capabilities [1],
[14]. SolidWorks enables engineers to create
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detailed 3D models of the piston, incorporating
various design features such as cooling channels,

expansion control slots, and optimized crown
shapes. The software's parametric modeling
capabilities allow for easy modification and

optimization of the design, facilitating iterative
design improvements. SolidWorks is a widely used
CAD software in the automotive industry, offering a
comprehensive set of tools for piston design and
analysis.

Creo is employed to create the 3D model of the
piston, offering advanced surfacing and solid
modeling capabilities for complex geometries [18].
Creo enables engineers to create highly detailed
and accurate piston models, capturing intricate
design features with precision. The software's
advanced simulation capabilities allow for the
analysis of stress distribution, deformation patterns,
and temperature gradients within the piston,
providing valuable insights into its structural
integrity and thermal performance. Creo is a
powerful CAD software choice for piston design,
offering a comprehensive set of tools for modeling,
simulation, and optimization.

CATIA V5R20 software is used for creating the CAD
model, providing a robust platform for designing
and analyzing complex mechanical components
[11]. CATIA's advanced surfacing and solid
modeling capabilities enable engineers to create
highly detailed and accurate piston models,
capturing intricate design features with precision.
The software's integrated simulation tools allow for
the analysis of stress distribution, deformation
patterns, and temperature gradients within the
piston, providing valuable insights into its structural
integrity and thermal performance. CATIA V5R20 is
a widely used CAD software in the automotive and
aerospace industries, offering a comprehensive set
of tools for piston design and analysis.

Pro/ENGINEER software is used to develop the
structural model of a piston, providing a
comprehensive set of tools for creating and
analyzing complex mechanical designs [17].
Pro/ENGINEER enables engineers to create detailed
3D models of the piston, incorporating various

design features such as cooling channels, expansion
control slots, and optimized crown shapes. The
software's integrated simulation capabilities allow
for the analysis of stress distribution, deformation
patterns, and temperature gradients within the
piston, providing valuable insights into its structural
integrity and thermal performance. Pro/ENGINEER
is a powerful CAD software choice for piston
design, offering a comprehensive set of tools for
modeling, simulation, and optimization.

SOLIDWORKS (2017 version) modelling tool is used
for developing CAD model for reciprocating piston
of an IC engine, offering a user-friendly interface
and powerful modeling capabilities  [19].
SOLIDWORKS enables engineers to create detailed
3D models of the piston, incorporating various
design features such as cooling channels, expansion
control slots, and optimized crown shapes. The
software's parametric modeling capabilities allow
for easy modification and optimization of the
design, facilitating iterative design improvements.
SOLIDWORKS is a widely used CAD software in the
automotive industry, offering a comprehensive set
of tools for piston design and analysis.

FEA Software for Analysis

ANSYS software is utilized to conduct structural and
thermal analyses, providing a comprehensive
platform for simulating the piston's behavior under
various operating conditions [3], [2]. ANSYS enables
engineers to predict stress distribution, deformation
patterns, and temperature gradients within the
piston, providing valuable insights into its structural
integrity and thermal performance. The software's
advanced simulation capabilities allow for the
analysis of complex interactions between thermal
and mechanical loads, enabling engineers to
optimize the piston's design for improved
performance and durability. ANSYS is a widely used
FEA software in the automotive industry, offering a
comprehensive set of tools for piston design and
analysis.

Abaqus is employed to perform FEA, offering
advanced simulation capabilities for analyzing
complex mechanical components such as pistons
[18]. Abaqus enables engineers to predict stress
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distribution, deformation patterns, and temperature
gradients within the piston, providing valuable
insights into its structural integrity and thermal
performance. The software's advanced material
models and nonlinear analysis capabilities allow for
the accurate simulation of piston behavior under
extreme operating conditions. Abaqus is a powerful
FEA software choice for piston design, offering a
comprehensive set of tools for modeling,
simulation, and optimization.

ANSYS R23.0 is used for FEM analysis to optimize
the thermal behavior of the piston, providing
accurate predictions of temperature distribution
and heat transfer within the piston [14]. ANSYS
R23.0's advanced thermal analysis capabilities
enable engineers to optimize the piston's cooling
mechanisms, such as oil jets and cooling channels,
to effectively dissipate heat and maintain a safe
operating temperature. The software's user-friendly
interface and powerful simulation capabilities make
it a valuable tool for piston design and
optimization.

ANSYS Workbench is utilized to analyze piston
performance, offering a comprehensive platform for
simulating the piston's behavior under various
operating conditions [5], [8]. ANSYS Workbench
enables engineers to predict stress distribution,
deformation patterns, and temperature gradients
within the piston, providing valuable insights into
its structural integrity and thermal performance.
The software's integrated simulation capabilities
allow for the analysis of complex interactions
between thermal and mechanical loads, enabling
engineers to optimize the piston's design for
improved performance and durability. ANSYS
Workbench is a widely used FEA software in the
automotive industry, offering a comprehensive set
of tools for piston design and analysis.

ANSYS V14.5 is employed for simulations and stress
analyses, providing a robust platform for evaluating
the piston's structural integrity under various
loading conditions [16]. ANSYS V145 enables
engineers to predict stress distribution and
deformation patterns within the piston, providing
valuable insights into its structural behavior. The

software's advanced meshing capabilities allow for
the accurate representation of complex piston
geometries, ensuring the reliability of the
simulation results. ANSYS V14.5 is a powerful FEA
software choice for piston design, offering a
comprehensive set of tools for modeling,
simulation, and optimization.

Simulation Parameters and Boundary Conditions
Operating gas pressure and temperature are
utilized as investigation functions, simulating the
extreme conditions within the combustion chamber
[14]. These parameters directly influence the stress
distribution, deformation patterns, and temperature
gradients within the piston, making them critical
inputs for FEA simulations. By accurately modeling
the operating gas pressure and temperature,
engineers can obtain realistic predictions of piston
behavior under real-world operating conditions.

Material properties of the piston are considered for
the analysis, ensuring that the simulation accurately
reflects the material's response to thermal and
mechanical loads [11]. Material properties such as
Young's modulus, Poisson's ratio, thermal
conductivity, and coefficient of thermal expansion
are critical inputs for FEA simulations. By using
accurate material properties, engineers can obtain
reliable  predictions of stress distribution,
deformation patterns, and temperature gradients
within the piston.

Boundary conditions and uneven temperature
distribution from piston head to skirt are applied,
simulating the complex thermal environment within
the engine [11]. Boundary conditions define the
constraints and loads acting on the piston, while
uneven temperature distribution reflects the varying
temperatures across the piston's surface. By
accurately modeling these conditions, engineers
can obtain realistic predictions of piston behavior
under real-world operating conditions.

Convection boundary conditions are considered for
thermal analysis, simulating the heat transfer
between the piston and the surrounding
environment [12]. Convection boundary conditions
define the heat transfer coefficient and the ambient
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temperature, allowing engineers to model the heat
exchange between the piston and the combustion
gases, cooling oil, and cylinder walls. By accurately
modeling  convection  boundary  conditions,
engineers can obtain realistic predictions of
temperature distribution and heat transfer within
the piston.

Gas temperature, cooling water, and ol
temperatures are used as input parameters,
simulating the thermal environment surrounding
the piston [20]. These parameters directly influence
the heat transfer between the piston and the
surrounding environment, affecting the piston's
operating temperature and thermal stresses. By
accurately modeling these parameters, engineers
can obtain realistic predictions of piston behavior
under real-world operating conditions.

Structural Analysis of Piston Head

Stress Distribution Analysis

The project aims to measure the stress distribution
on the top surface of the piston made up of
aluminum alloy, providing valuable insights into the
piston's structural integrity under load [18]. Stress
distribution analysis involves calculating the
magnitude and direction of stresses acting on the
piston's surface, identifying areas of high stress
concentration. These areas are prone to cracking
and fatigue failure, making stress distribution
analysis a critical step in piston design and
optimization.

FEA is utilized to analyze stress distribution under
thermal and mechanical stresses, providing a
comprehensive understanding of the piston's
structural behavior under various operating
conditions [1]. FEA enables engineers to simulate
the complex interactions between thermal and
mechanical loads, predicting stress distribution,
deformation patterns, and potential failure modes.
This simulation-based approach provides valuable
insights into the piston's behavior under real-world
operating conditions, enabling engineers to identify
and address design weaknesses before they lead to
catastrophic failures.

The top of the piston experiences the highest level
of stress, contributing to fatigue failure,
highlighting the importance of optimizing the
piston head design to withstand these extreme
loads [16]. The piston head is directly exposed to
the combustion gases, experiencing high pressures
and temperatures. This leads to high stress
concentrations in the piston head, making it prone
to cracking and fatigue failure. Optimizing the
piston head design, material selection, and# Design
and Structural Analysis with Thermal Analysis of IC
Engine Piston Head with Top Surface Modification

Introduction to IC Engine Piston Design
Importance of Piston Design in IC Engines

The piston is a crucial component within internal
combustion (IC) engines, tasked with converting the
energy released during combustion into mechanical
work. During engine operation, the piston is
subjected to extreme mechanical and thermal loads
[1]. These loads arise from the high pressures and
temperatures generated during the combustion
process, as well as the inertial forces resulting from
the piston's reciprocating motion. Given these
harsh operating conditions, the design of the piston
plays a vital role in ensuring the engine's overall
performance, durability, and reliability.

Piston design and material selection are essential
for ensuring engine durability and performance [1].
A well-designed piston must be able to withstand
the high stresses and temperatures without
undergoing excessive deformation or failure. The
material used for the piston must also possess
adequate  strength, stiffness, and thermal
conductivity to ensure its longevity. The selection of
appropriate materials and design parameters
directly impacts the engine's efficiency, fuel
consumption, and emissions.

Optimizing piston design can lead to more efficient
and reliable IC engines [1]. By carefully considering
factors such as piston geometry, weight, and
cooling strategies, engineers can develop pistons
that minimize friction, reduce heat losses, and
improve combustion efficiency. These
improvements contribute to enhanced engine
performance, reduced fuel consumption, and lower
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emissions. Therefore, the importance of piston
design in achieving these goals cannot be
overstated.

Engine pistons are among the most complex
components in automotive and other industries [2].
The intricate design requirements, coupled with the
severe operating conditions, make piston design a
challenging engineering task. Pistons must be
designed to withstand high pressures and
temperatures, while also being lightweight and
having low friction. These conflicting requirements
necessitate advanced design and analysis
techniques to achieve optimal performance.

The piston may be considered the most important
part of an engine [2]. As the primary link between
the combustion process and the engine's
crankshaft, the piston plays a critical role in
converting thermal energy into mechanical work.
Without a properly functioning piston, the engine
cannot operate effectively, highlighting its central
importance in the overall engine system.

Role of Structural and Thermal Analysis
Structural analysis plays a critical role in evaluating
the mechanical behavior of the piston under various
operating conditions. It assesses stress distribution
and deformation characteristics to ensure the
piston's structural integrity [3]. By understanding
how the piston responds to mechanical loads,
engineers can identify potential weak points and
optimize the design to prevent failures. Structural
analysis helps in determining the piston's ability to
withstand the forces generated during combustion
and its reciprocating motion.

Thermal analysis is equally important, investigating
heat transfer mechanisms, temperature distribution,
and thermal stress accumulation within the piston
[3]. The piston is exposed to high temperatures
during combustion, and efficient heat dissipation is
crucial to prevent overheating and thermal damage.
Thermal analysis helps engineers understand how
heat is transferred through the piston material and
how temperature gradients affect its structural
integrity. This information is vital for designing

effective  cooling and

appropriate materials.

strategies selecting

Finite Element Analysis (FEA) is a powerful tool used
to evaluate the structural integrity of the piston
under thermal and mechanical stresses during the
combustion cycle [1]. FEA involves creating a
computer model of the piston and simulating its
response to various loads and boundary conditions.
This allows engineers to visualize stress distribution,
deformation patterns, and temperature profiles
within the piston. FEA provides valuable insights
into the piston's behavior under real-world
operating conditions.

FEA helps identify potential failure zones by
analyzing stress distribution and deformation [1]. By
pinpointing areas of high stress concentration or
excessive deformation, engineers can make design
modifications to improve the piston's durability and
reliability. FEA enables a proactive approach to
failure prevention, reducing the risk of costly
breakdowns and downtime.

Analyzing thermal stress and damages due to
pressure application is crucial for optimizing piston
design [2]. The combined effects of thermal and
mechanical loads can lead to complex stress
patterns within the piston. Understanding these
stress patterns and their potential to cause damage
is essential for designing pistons that can withstand
the rigors of engine operation. This analysis informs

material selection, geometry optimization, and
cooling system design to ensure long-term
reliability.

Significance of Top Surface Modification
Modifying the top surface of the piston is crucial for
various combustion mode strategies of modified
GDI engines to reduce NOx and PM emissions [4].
In Gasoline Direct Injection (GDI) engines, the shape
of the piston's top surface, or crown, plays a
significant role in controlling the combustion
process. By carefully designing the crown, engineers
can influence the air-fuel mixture formation, flame
propagation, and ultimately, the levels of harmful
emissions produced by the engine.
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Piston crown shape design is important to avoid
wall wetting during fuel injection [4]. Wall wetting
occurs when fuel droplets impinge on the cylinder
walls, leading to incomplete combustion and
increased emissions. Modifying the piston crown
shape can help direct the fuel spray away from the
walls, promoting better air-fuel mixing and
reducing wall wetting. This results in cleaner and
more efficient combustion.

Modifying crown surface profiles of the piston helps
impart swirl and squish effects for better mixing of
air and injected fuel [4]. Swirl refers to the rotational
motion of the air-fuel mixture within the cylinder,
while squish refers to the radial movement of the
mixture towards the center of the cylinder as the
piston approaches top dead center (TDC). These
effects enhance air-fuel mixing, leading to more
complete combustion and improved engine
performance.

Proper modification helps maintain combustion

chamber surface temperature within limits,
reducing soot particle/PM emission and NOx
emission from the combustion process [4].

Controlling the temperature of the combustion
chamber is crucial for minimizing the formation of
soot particles (particulate matter or PM) and
nitrogen oxides (NOx). By modifying the piston
crown shape, engineers can influence the heat
transfer characteristics within the combustion
chamber, helping to maintain optimal temperatures
for reducing these emissions.

Different piston head designs impact piston
performance related to stress, temperature, and
deformation [5]. The geometry of the piston head
directly affects how it responds to the mechanical
and thermal loads imposed during engine
operation. Different designs can lead to variations
in stress distribution, temperature profiles, and
deformation  patterns  within  the  piston.
Understanding these impacts is crucial for selecting
the most appropriate design for a given engine
application.

Materials for IC Engine Pistons

Conventional Aluminum Alloys

Conventional aluminum alloys are widely used in
piston manufacturing due to their lightweight and
good thermal conductivity [1]. The low density of
aluminum reduces the reciprocating mass of the
engine, leading to improved performance and fuel
efficiency. Its high thermal conductivity allows for
efficient heat transfer away from the combustion
chamber, preventing overheating and thermal
damage. These properties make aluminum alloys a
popular choice for piston materials in a wide range
of engine applications.

Aluminum alloys are selected for structural and
thermal analysis of pistons [2]. The well-
characterized mechanical and thermal properties of
aluminum alloys make them suitable for computer
modeling and simulation. This allows engineers to
accurately predict the piston's behavior under
various operating conditions and optimize its
design for performance and durability.

Aluminum silicon alloys are commonly used, but
they expand significantly due to heat generation
[6]. The addition of silicon to aluminum alloys
improves their strength, wear resistance, and
castability. However, aluminum silicon alloys exhibit
a relatively high coefficient of thermal expansion,
meaning they expand significantly when heated.
This expansion can lead to reduced clearances
between the piston and cylinder, potentially
causing seizing or scuffing.

AISi10Mg alloy is also compatible material for
piston [7]. This alloy offers a good balance of
strength, ductility, and corrosion resistance, making
it suitable for demanding engine applications. Its
compatibility ~ with  additive  manufacturing
techniques, such as Laser Powder Bed Fusion
(LPBF), further enhances its appeal for producing
complex piston designs.

Aluminium alloy has highest heat flux and lowest
temperature on piston head under thermal load [8].
This characteristic makes aluminum alloys desirable
for applications where efficient heat removal from
the piston head is critical. The high heat flux helps
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to maintain lower temperatures in the combustion
chamber, reducing the risk of pre-ignition and
knock.

Advanced Composite Materials

Advanced materials such as reinforced composites
are considered to enhance strength and heat
dissipation [1]. Composite materials offer the
potential to overcome some of the limitations of
conventional aluminum alloys. By combining
different materials, such as fibers and a matrix,
composites can be tailored to achieve specific
properties, such as high strength-to-weight ratio,
improved wear resistance, and enhanced thermal
conductivity.

Composite materials, particularly AA7275, enhance
structural integrity and thermal efficiency [3].
AAT7275 is a high-strength aluminum alloy that can
be used as a matrix material in composite pistons.
When reinforced with fibers, such as carbon or
ceramic, AA7275 composites offer excellent
mechanical properties and thermal performance.

Composite pistons can reduce expansion compared
to aluminum silicon alloys [6]. By carefully selecting
the fiber reinforcement and matrix material,
engineers can create composite pistons with a
lower coefficient of thermal expansion than
conventional aluminum alloys. This reduces the risk
of seizing or scuffing due to thermal expansion.

Composite matrix of aluminum mixed with silicon
carbide particulates enhances wear resistance [9].
Silicon carbide (SiC) is a hard ceramic material that
offers excellent wear resistance. By incorporating
SiC particulates into an aluminum matrix, the
resulting composite material exhibits improved
resistance to wear and abrasion, extending the
piston's lifespan.

AISiC-12 shows better performance than Al-6061
due to its lightness [9]. AISiC-12 is an aluminum
silicon carbide composite material that offers a
good combination of strength, stiffness, and wear
resistance. Its lower density compared to Al-6061, a
common aluminum alloy, results in a lighter piston,
reducing reciprocating mass and improving engine
performance.

Alternative Materials and Coatings

Steel pistons are designed for marine diesel engines
due to the increased thermal and mechanical loads
[10]. In large, heavy-duty diesel engines, the
extreme operating conditions necessitate the use of
stronger and more durable materials than
aluminum alloys. Steel pistons offer superior
strength and fatigue resistance, allowing them to
withstand the high pressures and temperatures
encountered in these engines.

Aluminum Silicon alloy steel is used for thermal
stress analysis [11]. This material combines the
benefits of aluminum alloys, such as lightweight
and good thermal conductivity, with the added
strength and durability of steel. It is often used in
applications where both thermal and mechanical
stresses are high.

Ceramic coatings decrease heat losses and harmful
emissions [12]. Applying a ceramic coating to the
piston crown can create a thermal barrier, reducing
heat transfer to the piston body and increasing the
temperature of the combustion chamber. This can
lead to improved combustion efficiency and
reduced emissions.

Lanthanum Cerate (La2Ce207) is used as a coating
material for diesel engine pistons [12]. This ceramic
material exhibits low thermal conductivity and good
thermal stability, making it an effective thermal
barrier coating. It helps to reduce heat losses from
the combustion chamber and improve engine
efficiency.

Copper chromium zirconium (CuCr1Zr) catalytic
coated pistons produce less emission and improve
performance [13]. These coatings can promote the
oxidation of hydrocarbons and carbon monoxide,
reducing their emissions. The copper also enhances
heat transfer within the piston, helping to maintain
optimal temperatures.

Piston Geometry and Design Parameters
Standard Design Parameters

Standard design parameters include bore diameter,
stroke length, and compression ratio [1]. These
parameters define the basic dimensions and
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operating characteristics of the engine. The bore
diameter refers to the diameter of the cylinder,
while the stroke length refers to the distance the
piston travels within the cylinder. The compression
ratio is the ratio of the cylinder volume at bottom
dead center (BDC) to the cylinder volume at top
dead center (TDC). These parameters influence the

engine's  displacement, power output, and
efficiency.
Piston geometry impacts piston performance

related to stress, temperature and deformation [5].
The shape of the piston crown, skirt, and other
features directly affects how it responds to
mechanical and thermal loads. Different geometries
can lead to \variations in stress distribution,
temperature gradients, and deformation patterns
within the piston.

Concave and convex piston profiles are designed to
optimize thermal behavior [14]. These profiles can
be used to control the flow of heat within the
piston, directing heat away from critical areas and
promoting more uniform temperature distribution.
This can help to reduce thermal stresses and
improve the piston's durability.

Four piston head designs include flat-top piston,
bowl piston, square bowl piston, and dome piston
[5]. These different head designs influence the
combustion process, air-fuel mixing, and emissions
characteristics of the engine. Flat-top pistons are
simple and cost-effective, while bowl pistons
promote swirl and squish, enhancing air-fuel
mixing. Dome pistons are often used in high-
compression engines to increase the compression
ratio.

The dimension of a piston is based on the cylinder
of a spark ignition engine [5]. The piston must be
sized to fit within the cylinder bore and to provide
adequate clearance for its reciprocating motion.
The piston's dimensions also influence its weight,
strength, and thermal characteristics.

Design Optimization Techniques
Design modifications, including optimization of
piston geometry and weight reduction, improve

engine efficiency and reduce wear [1]. By carefully
considering factors such as piston shape, material
distribution, and cooling strategies, engineers can
develop pistons that minimize friction, reduce heat
losses, and improve combustion efficiency. Weight
reduction reduces the reciprocating mass of the
engine, leading to improved performance and fuel
economy.

Topology optimization is used to remove excessive
material [5], [15]. This technique involves using
computer simulations to identify areas of the piston
where material can be removed without
compromising its structural integrity. By removing
unnecessary material, the piston's weight can be
reduced, leading to improved engine performance.
Finite element analysis (FEA) is used for design
optimization [16]. FEA allows engineers to simulate
the piston's response to various loads and
boundary conditions, providing valuable insights
into its stress distribution, deformation patterns,
and temperature profiles. This information can be

used to optimize the piston's design for
performance, durability, and reliability.
Mesh optimization is wused to predict the

component’s greater stress and critical region [17].
Mesh optimization involves refining the finite
element mesh in areas of high stress concentration
to improve the accuracy of the simulation results.
This allows engineers to identify potential failure
zones and make design modifications to prevent
failures.

The piston’s upper end, which includes the piston
head/crown, as well as the piston skirt and sleeve, is
optimized to reduce stress concentration [17]. By
carefully designing these features, engineers can
minimize stress concentrations and improve the
piston's fatigue resistance. This leads to a longer
lifespan and improved reliability.

Influence of Piston Head Designs

Different piston head designs influence stress,
deformation, and temperature distribution [5]. The
shape of the piston head directly affects how it
responds to the mechanical and thermal loads
imposed during engine operation. Different designs
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can lead to \variations in stress distribution,
temperature profiles, and deformation patterns
within the piston.

Bowl piston designs have lower stress, deformation,
and temperature [5]. The bowl shape helps to
distribute stress more evenly across the piston
head, reducing stress concentrations. It also
promotes better heat transfer, leading to lower
temperatures and reduced deformation.

Optimized piston geometries result in lower stress,
deformation, and temperature compared to original
pistons [5]. By using design optimization
techniques, engineers can develop piston
geometries that minimize stress concentrations,
promote efficient heat transfer, and reduce
deformation. This leads to improved performance,
durability, and reliability.

Piston crown profile modifications are essential for
various combustion mode strategies in GDI engines
[4]. In Gasoline Direct Injection (GDI) engines, the
shape of the piston crown plays a crucial role in
controlling the combustion process and reducing
emissions. Different crown profiles are used to
achieve specific combustion modes, such as
stratified charge combustion or homogeneous
charge compression ignition (HCCI).

Piston crown shape design is important to avoid
wall wetting during fuel injection [4]. Wall wetting
occurs when fuel droplets impinge on the cylinder
walls, leading to incomplete combustion and
increased emissions. Modifying the piston crown
shape can help direct the fuel spray away from the
walls, promoting better air-fuel mixing and
reducing wall wetting.

Modeling and Simulation Techniques

CAD Software for Piston Modeling

SolidWorks software is used for the conceptual
design of the piston [1], [14]. SolidWorks is a widely
used CAD (Computer-Aided Design) software that
allows engineers to create detailed 3D models of
pistons. Its user-friendly interface and powerful
modeling tools make it suitable for both conceptual
design and detailed engineering design.

Creo is used to create the 3D model of the piston
[18]. Creo is another popular CAD software that
offers advanced modeling capabilities and a wide
range of features for product design and
development. It is often used for creating complex
3D models of pistons with intricate geometries.

CATIA V5R20 software is used for creating the CAD
model [11]. CATIA (Computer-Aided Three
Dimensional Interactive Application) is a high-end
CAD software that is widely used in the automotive
and aerospace industries. Its advanced surface
modeling and analysis capabilities make it suitable
for designing complex piston geometries with high
precision.

Pro/ENGINEER software is used to develop the
structural model of a piston [17]. Pro/ENGINEER,
now known as Creo Parametric, is a CAD/CAM/CAE
software that is used for creating 3D models and
performing structural analysis. It offers a wide range
of tools for simulating the piston's response to
various loads and boundary conditions.

SOLIDWORKS (2017 version) modelling tool is used
for developing CAD model for reciprocating piston
of an IC engine [19]. The 2017 version of
SOLIDWORKS provides the necessary tools and
features to accurately model the complex geometry
of a reciprocating piston, enabling engineers to
simulate its performance and optimize its design.

FEA Software for Analysis

ANSYS software is used to conduct structural and
thermal analyses [3], [2]. ANSYS is a comprehensive
FEA (Finite Element Analysis) software that allows
engineers to simulate the structural and thermal
behavior of pistons under various operating
conditions. It offers a wide range of analysis
capabilities, including static, dynamic, and thermal
analysis.

Abaqus is used to perform FEA [18]. Abaqus is
another powerful FEA software that is widely used
in academia and industry. It is known for its
advanced material modeling capabilities and its
ability to handle complex nonlinear problems.
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ANSYS R23.0 is used for FEM analysis to optimize
the thermal behavior of the piston [14]. ANSYS
R23.0 provides advanced tools for simulating heat
transfer within the piston and optimizing its design
for efficient cooling. It allows engineers to analyze
temperature distribution, heat flux, and thermal
stresses within the piston.

ANSYS Workbench is used to analyze piston
performance [5], [8]. ANSYS Workbench is a user-
friendly interface that integrates various ANSYS
analysis tools, making it easier to perform complex
simulations. It allows engineers to create a
complete simulation workflow, from CAD model
import to results visualization.

ANSYS V145 is used for simulations and stress
analyses [16]. ANSYS V14.5 provides the necessary
tools for performing static and dynamic stress
analyses of pistons, allowing engineers to identify
areas of high stress concentration and optimize the
design for improved durability.

Simulation Parameters and Boundary Conditions
Operating gas pressure and temperature are used
as investigation functions [14]. These parameters
represent the conditions within the combustion
chamber during engine operation. Accurate
knowledge of these parameters is essential for
performing realistic simulations of the piston's
behavior.

Material properties of the piston are considered for
the analysis [11]. The mechanical and thermal
properties of the piston material, such as Young's
modulus, Poisson's ratio, thermal conductivity, and
coefficient of thermal expansion, are crucial inputs
for FEA simulations. Accurate material properties
are essential for obtaining reliable simulation
results.

Boundary conditions and uneven temperature
distribution from piston head to skirt are applied
[11]. Boundary conditions define the constraints
and loads applied to the piston in the simulation.
These include the pressure exerted by the
combustion gases, the temperature of the cylinder
walls, and the forces acting on the piston pin.

Uneven temperature distribution is often applied to
accurately represent the thermal gradients
experienced by the piston during engine operation.
Convection boundary conditions are considered for
thermal analysis [12]. Convection boundary
conditions simulate the heat transfer between the
piston and the surrounding air or coolant. These
conditions are defined by the heat transfer
coefficient, which depends on the fluid properties,
flow velocity, and surface geometry.

Gas temperature, cooling water, and ol
temperatures are used as input parameters [20].
These parameters define the thermal environment
surrounding the piston. Accurate knowledge of
these parameters is essential for performing
realistic thermal simulations.

Structural Analysis of Piston Head

Stress Distribution Analysis

The project aims to measure the stress distribution
on the top surface of the piston made up of
aluminum alloy [18]. Understanding the stress
distribution is critical for identifying potential failure
points and optimizing the piston design to enhance
its durability.

FEA is used to analyze stress distribution under
thermal and mechanical stresses [1]. This allows
engineers to visualize the stress patterns within the
piston and identify areas of high stress
concentration. FEA provides valuable insights into
the piston's structural behavior under real-world
operating conditions.

The top of the piston experiences the highest level
of stress, contributing to fatigue failure [16]. The
combustion process generates high pressures and
temperatures that exert significant forces on the
piston head. This can lead to fatigue damage over
time, potentially resulting in cracks or fractures.

Uneven temperature distribution in IC engines
causes stress generation on the piston head [18].
The temperature gradients within the piston create
thermal stresses that can add to the mechanical
stresses, increasing the risk of failure.
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The study focuses on evaluating stress to enhance
and optimize the piston design [9]. By
understanding the stress distribution within the
piston, engineers can make design modifications to
reduce stress concentrations and improve its overall
structural integrity.

Deformation Analysis

FEA is used to evaluate the deformation of the
piston under thermal and mechanical stresses [1].
Understanding how the piston deforms under load
is crucial for ensuring proper clearances and
preventing interference with other engine
components.

Aluminum alloy shows maximum deformation and
equivalent strain for the same amount of pressure
[8]. This is due to its relatively low stiffness
compared to other materials, such as steel or cast
iron. The high deformation can lead to increased
stresses and potentially reduce the piston's lifespan.
Structural steel and grey cast iron show
deformation and strain values less than that of
aluminum alloy for the same pressure load [8].
These materials offer higher stiffness and strength,
resulting in lower deformation under load.
However, they are also heavier than aluminum
alloys, which can impact engine performance.

The piston is subject to inertial stresses and cyclic
gas pressure, which may lead to fatigue damage
[16]. The reciprocating motion of the piston
generates inertial forces that contribute to the
overall stress on the component. The cyclic nature
of the gas pressure and inertial forces can lead to
fatigue damage over time.

The analysis identifies the component's critical area
and greater stress using finite element analysis [16].
This allows engineers to focus their design efforts
on strengthening these critical areas and preventing
failures.

Failure Analysis and Prevention

The analysis predicts that the top surface of the
piston may be damaged or break during operating
conditions due to stress [18]. High stress
concentrations, combined with elevated

temperatures, can lead to crack initiation and
propagation, ultimately resulting in failure.

Damage mechanisms have different origins and are
mainly wear, temperature, and fatigue related [2].
Wear can occur due to friction between the piston
and cylinder walls, while temperature can lead to
thermal stresses and material degradation. Fatigue
is caused by the cyclic loading of the piston, which
can lead to crack initiation and propagation over
time.

Thermal fatigue and mechanical fatigue play a
prominent role in piston damage [2]. Thermal
fatigue is caused by the cyclic temperature
variations within the piston, while mechanical
fatigue is caused by the cyclic loading of the piston
due to gas pressure and inertial forces. Both types
of fatigue can contribute to crack initiation and
propagation.

Identifying the true design features assures
extended service life and long-term stability [18]. By
carefully considering the piston's geometry,
material properties, and operating conditions,
engineers can design pistons that offer extended
service life and long-term stability.

The objective is to optimize the stress variations at
the top of the piston in real engine conditions [14].
This involves minimizing stress concentrations,
promoting uniform stress distribution, and selecting
materials that can withstand the high stresses and
temperatures  encountered during engine
operation.

Thermal Analysis of Piston Head

Heat Transfer Mechanisms

The thermal analysis investigates the heat transfer
mechanisms within the piston [3]. Understanding
how heat is transferred through the piston is crucial
for designing effective cooling strategies and
preventing overheating.

The piston receives thermal energy generated via
combustion, and higher heat flux ensures quick
cooling [8]. The combustion process generates a
large amount of heat that is transferred to the
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piston head. Efficient heat removal from the piston
head is essential for preventing thermal damage
and maintaining optimal engine performance.

Heat flow and thermal temperature distribution are
analyzed using piston surface temperatures [14].
This allows engineers to visualize the temperature
gradients within the piston and identify areas of
high temperature concentration. This information
can be used to optimize the piston's design for
efficient cooling.

The study focuses on thermal behavior during
pressure analysis on the examined surface of the
piston [14]. The pressure exerted by the combustion
gases can influence the heat transfer characteristics
of the piston surface. Understanding this interaction
is crucial for accurate thermal analysis.

The temperature distribution of the piston is
analyzed with the help of ANSYS software [6].
ANSYS provides powerful tools for simulating heat
transfer within the piston and visualizing the
temperature distribution. This allows engineers to
optimize the piston's design for efficient cooling
and reduced thermal stresses.

Temperature Distribution Analysis

Uneven temperature distribution from piston head
to skirt is considered in the analysis [11]. The piston
head is exposed to high temperatures from the
combustion gases, while the skirt is typically cooler.
This temperature gradient can lead to thermal
stresses and deformation.

The analysis predicts whether the top surface of the
piston may be damaged due to temperature during
operating conditions [11]. Excessive temperatures
can lead to material degradation, cracking, and
ultimately, failure of the piston head.

Aluminum alloy has the lowest temperature on the
piston head under thermal load [8]. This is due to
its high thermal conductivity, which allows for
efficient heat transfer away from the piston head.

The highest temperature range is observed in
specific regions of the piston head [20]. These

regions are typically located near the combustion
chamber, where the piston is exposed to the hottest
gases.

The skirt has the minimum temperature since it is
far from combustion [20]. The skirt is located
further away from the combustion chamber and is
typically cooled by the engine oil, resulting in lower
temperatures.

Thermal Stress Analysis

Thermal stress accumulation within the piston is
investigated [3]. Thermal stresses are generated due
to the temperature gradients within the piston.
These stresses can add to the mechanical stresses
and increase the risk of failure.

Thermal stress analysis is done by two different
materials Aluminum Silicon alloy and Aluminum
Silicon alloy steel [11]. This allows for a comparison
of the thermal stress behavior of different materials
and helps in selecting the most suitable material for
the piston.

Thermal stress and damages due to the application
of pressure are presented and analyzed [2]. The
combined effects of thermal and mechanical loads
can lead to complex stress patterns within the
piston. Understanding these stress patterns and
their potential to cause damage is essential for
designing pistons that can withstand the rigors of
engine operation.

The rate of heat transfer and thermal stress are
evaluated for different composition materials [6].
Different  materials have different thermal
conductivities and  coefficients of thermal
expansion, which can affect the rate of heat transfer
and the magnitude of thermal stresses.

The maximum Von-misses stress occurs on the
piston head [21]. The Von-misses stress is a
measure of the combined stresses at a point in a
material. The maximum Von-misses stress is often
used as a criterion for predicting failure.
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Influence of Top Surface Modifications on
Structural and Thermal Performance

Impact on Stress Concentration

Modifying the top surface affects stress distribution
and concentration [17]. The shape of the piston
crown can significantly influence the way stresses
are distributed within the piston. Sharp corners or
abrupt changes in geometry can lead to stress
concentrations, which can increase the risk of
fatigue failure.

Piston crown profile modifications are crucial for
various combustion mode strategies of modified
GDI engines [4]. Different combustion modes, such
as stratified charge combustion or homogeneous
charge compression ignition (HCCI), require
different piston crown profiles to achieve optimal
performance and emissions.

The main aim of modifying the crown surface
profiles of the piston is to impart swirl and squish
effects [4]. Swirl and squish are important for
promoting air-fuel mixing and enhancing
combustion efficiency. The piston crown profile can
be designed to create these effects, leading to

improved engine performance and reduced
emissions.
Different piston head designs impact piston

performance related to stress, temperature, and
deformation [5]. The geometry of the piston head
directly affects how it responds to the mechanical
and thermal loads imposed during engine
operation. Different designs can lead to variations
in stress distribution, temperature profiles, and
deformation patterns within the piston.

Topology optimization is used to optimize the
material arrangement [15]. This technique involves
using computer simulations to identify areas of the
piston where material can be removed or
redistributed to minimize stress concentrations and
improve its structural integrity.

Impact on Heat Dissipation

Modifications can enhance heat dissipation
characteristics of the piston [1]. The piston crown
profile can be designed to promote efficient heat

transfer away from the combustion chamber,
preventing overheating and thermal damage.

Piston crown profile modifications help maintain
combustion chamber surface temperature within
limits [4]. By controlling the heat transfer
characteristics of the piston crown, engineers can
maintain  optimal  temperatures  within  the
combustion chamber, reducing the formation of
soot particles (particulate matter or PM) and
nitrogen oxides (NOx).

Altering the top surface influences the heat transfer
coefficient [22]. The heat transfer coefficient is a
measure of how effectively heat is transferred
between the piston and the surrounding gases or
coolant. Modifying the top surface can alter the
heat transfer coefficient, affecting the piston's
cooling performance.

Thermal barrier coatings decrease heat losses [12].
Applying a thermal barrier coating to the piston
crown can reduce heat transfer to the piston body,
increasing the temperature of the combustion
chamber and improving combustion efficiency.

The temperature distribution of the piston is
analyzed to evaluate heat transfer [6]. By analyzing
the temperature distribution within the piston,
engineers can assess the effectiveness of different
cooling strategies and optimize the design for
efficient heat removal.

Performance Optimization

Optimizing the top surface design can lead to
improved engine efficiency and reduced wear [1].
By carefully considering the piston crown profile,
engineers can improve air-fuel mixing, enhance
combustion efficiency, and reduce friction between
the piston and cylinder walls.

Piston crown shape design is important to avoid
wall wetting during fuel injection, enhancing
performance [4]. Wall wetting occurs when fuel
droplets impinge on the cylinder walls, leading to
incomplete combustion and increased emissions.
Modifying the piston crown shape can help direct
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the fuel spray away from the walls, promoting
better air-fuel mixing and reducing wall wetting.

The study focuses on optimizing stress variations at
the top of the piston in real engine conditions [14].
This involves minimizing stress concentrations,
promoting uniform stress distribution, and selecting
materials that can withstand the high stresses and
temperatures  encountered  during  engine
operation.

Geometry optimization of the piston improves
overall performance [5]. By optimizing the piston's
geometry, engineers can improve its strength,
stiffness, and thermal characteristics, leading to
improved engine performance, durability, and
reliability.

Optimized piston design reduces the total stress
and mass [23]. By using design optimization
techniques, engineers can develop piston designs
that minimize stress concentrations and reduce the
overall weight of the piston. This leads to improved
engine performance and fuel economy.

Case Studies and Experimental Investigations
Analysis of Specific Engine Types

The design of a steel piston for a marine diesel
engine belonging to 190 series heavy-duty diesel
engines was studied [10]. This study focused on the
specific challenges and requirements of designing
pistons for large, heavy-duty diesel engines used in
marine applications. Steel pistons are often used in
these engines due to the extreme operating
conditions.

The specifications used for the study of pistons
belong to four stroke 100cc hero bike engine [24],
[24]. This study focused on the design and analysis
of pistons for small, four-stroke engines commonly
used in motorcycles. These engines have different
design constraints and performance requirements
compared to larger engines.

A 150-cc piston, made from A4032 Aluminum, of
type Bajaj, was considered in the investigation [23].
This investigation focused on a specific type of

piston material and engine size, providing detailed
insights into its performance characteristics.

The study includes a computational thermal
analysis of a 4-ring articulated piston marine diesel
engine [20]. This study focused on the thermal
behavior of a specific type of piston used in marine
diesel engines. Articulated pistons have a two-piece
design that allows for greater flexibility and reduced
thermal stresses.

Simulation of a 4-stroke direct injection heavy duty
diesel engine piston made of aluminum silicon alloy
is performed [25]. This simulation provides valuable
insights into the stress distribution, deformation
patterns, and temperature profiles within the piston
under real-world operating conditions.

Experimental Validation of Simulations

Engine durability bench tests are conducted to
validate the design of steel pistons [10]. Bench tests
involve subjecting the piston to simulated engine
operating conditions to assess its durability and
identify potential failure modes. These tests are
essential for validating the design and ensuring its
reliability.

Experimental investigations are performed on
combustion and emission characteristics of
modified pistons [26]. These investigations involve
running engines with modified pistons and
measuring their combustion performance and
emissions levels. This provides valuable data for
evaluating the effectiveness of the modifications.

The results of the experiments are compared with
un-coated engines to identify  optimized
parameters [13]. This comparison helps to
determine the benefits of using coated pistons and
to identify the optimal coating parameters for
achieving improved performance and reduced
emissions.

The simulation methodology is validated for both
Spark Ignition (SI) and Compression Ignition (Cl)
engines [27]. This validation ensures that the
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simulation methodology is applicable to a wide
range of engine types and operating conditions.

A good correlation is established between the
simulation and experimental data [27]. This
correlation provides confidence in the accuracy of
the simulation methodology and its ability to
predict the piston's behavior under real-world
conditions.

Performance Comparison of Different Materials
Aluminum alloy, grey cast iron, and structural steel
are compared for thermal and structural
performance [8]. This comparison helps to identify
the strengths and weaknesses of each material and
to select the most suitable material for a given
application.

Aluminum alloy 4032, aluminum alloy 2618 and
carbon graphite pistons are compared using FEA
[24], [24]. This comparison provides insights into
the stress distribution, deformation patterns, and
temperature profiles within pistons made from
different materials.

The performance of AISiC-12 is compared with Al-
6061 [9]. This comparison helps to evaluate the
benefits# Design and Structural Analysis with
Thermal Analysis of IC Engine Piston Head with Top
Surface Modification

Introduction to IC Engine Piston Design
Importance of Piston Design in IC Engines

The piston is a critical component within internal
combustion (IC) engines, enduring substantial
mechanical and thermal loads throughout engine
operation [1]. Consequently, the design and
selection of materials for the piston are paramount
in ensuring the engine's overall durability and
performance [1]. An optimized piston design is
crucial for achieving more efficient and reliable 1C
engines [1]. Engine pistons stand out as some of
the most intricate components found in both
automotive and various other industrial applications
[2]. In fact, the piston can be regarded as the most
vital element within an engine [2].

Role of Structural and Thermal Analysis
Structural analysis plays a pivotal role in assessing
the mechanical behavior, stress distribution, and
deformation characteristics of the piston under
various operating conditions [3]. Thermal analysis,
on the other hand, is essential for examining heat
transfer mechanisms, temperature distribution, and
thermal stress accumulation within the piston [3].
Finite Element Analysis (FEA) is a powerful tool
utilized to evaluate the structural integrity of the
piston when subjected to thermal and mechanical
stresses during the combustion cycle [1]. FEA aids in
pinpointing potential failure zones by meticulously
analyzing stress distribution and deformation
patterns [1]. The analysis of thermal stress and
potential damage resulting from pressure
application is of utmost importance for optimizing
piston design [2].

Significance of Top Surface Modification
Modifying the top surface of the piston is critical for
different combustion mode strategies of modified
Gasoline Direct Injection (GDI) engines, aimed at
reducing NOx and particulate matter (PM)
emissions [4]. The design of the piston crown shape
is particularly significant in preventing wall wetting
during the fuel injection process [4]. Modifying the
crown surface profiles of the piston is beneficial in
creating swirl and squish effects, which enhance the
mixing of air and injected fuel [4]. Such
modifications play a crucial role in maintaining the
combustion chamber surface temperature within
acceptable limits, ultimately leading to a reduction
in soot particle/PM emissions and NOx emissions
generated during the combustion process [4].
Different piston head designs can significantly
influence piston performance by affecting stress,
temperature, and deformation characteristics [5].

Materials for IC Engine Pistons

Conventional Aluminum Alloys

Conventional aluminum alloys are extensively
utilized in piston manufacturing due to their
lightweight nature and favorable thermal
conductivity properties [1]. Aluminum alloys are
often selected for conducting structural and
thermal analyses of pistons [2]. Aluminum silicon
alloys are commonly employed, but they exhibit
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significant expansion as a result of heat generation
[6]. The AISi10Mg alloy is also recognized as a
compatible material for piston construction [7].
Aluminium alloy exhibits the highest heat flux and
the lowest temperature on the piston head when
subjected to thermal load [8].

Advanced Composite Materials

Advanced materials, including reinforced
composites, are being explored to improve strength
and enhance heat dissipation capabilities [1].
Composite materials, such as AA7275, are
particularly effective in enhancing structural
integrity and thermal efficiency [3]. Composite
pistons offer the advantage of reduced expansion
compared to traditional aluminum silicon alloys [6].
Utilizing a composite matrix composed of
aluminum mixed with silicon carbide particulates
can significantly improve wear resistance [9]. AISiC-
12 exhibits superior performance compared to Al-
6061, primarily due to its lightweight characteristics
[9].

Alternative Materials and Coatings

Steel pistons are specifically designed for marine
diesel engines to withstand the increased thermal
and mechanical loads encountered in these
applications [10]. Aluminum Silicon alloy steel is
utilized for conducting thermal stress analysis [11].
Ceramic coatings are employed to minimize heat
losses and reduce harmful emissions [12].
Lanthanum Cerate (La2Ce207) is utilized as a
coating material for pistons in diesel engines [12].
Copper chromium zirconium (CuCr1Zr) catalytic
coated pistons contribute to reduced emissions and
improved overall performance [13].

Piston Geometry and Design Parameters
Standard Design Parameters

Standard design parameters encompass bore
diameter, stroke length, and compression ratio [1].
Piston geometry plays a critical role in influencing
piston performance, particularly in relation to stress,
temperature, and deformation [5]. Concave and
convex piston profiles are designed to achieve
optimal thermal behavior [14]. Common piston
head designs include flat-top, bowl, square bowl,
and dome configurations [5]. The dimensions of a

piston are typically determined based on the
cylinder of a spark ignition engine [5].

Design Optimization Techniques

Design modifications, which include optimizing
piston geometry and reducing weight, contribute to
improved engine efficiency and reduced wear [1].
Topology optimization is employed to eliminate
excessive material, thereby reducing weight and
improving performance [5], [15]. Finite element
analysis (FEA) serves as a valuable tool for design
optimization processes [16]. Mesh optimization
techniques are utilized to predict component stress
and identify critical regions [17]. Optimizing the
piston's upper end, encompassing the piston
head/crown, as well as the piston skirt and sleeve,
helps to reduce stress concentration [17].

Influence of Piston Head Designs

Different piston head designs have a significant
impact on stress, deformation, and temperature
distribution within the piston [5]. Bowl piston
designs, for instance, tend to exhibit lower stress,
deformation, and temperature values [5]. Optimized
piston geometries generally result in lower stress,
deformation, and temperature compared to their
original counterparts [5]. Modifications to piston
crown profiles are essential for implementing
various combustion mode strategies in GDI engines
[4]. The design of the piston crown shape is crucial
to preventing wall wetting during the fuel injection
process [4].

Modeling and Simulation Techniques

CAD Software for Piston Modeling

SolidWorks software is utilized for the conceptual
design phase of the piston [1], [14]. Creo is
employed to generate the 3D model of the piston
[18]. CATIA V5R20 software is used for creating CAD
models [11]. Pro/ENGINEER software is utilized to
develop structural models of pistons [17].
SOLIDWORKS (2017 version) is employed as a
modeling tool for developing CAD models of
reciprocating pistons in IC engines [19].

FEA Software for Analysis

ANSYS software is widely used to conduct both
structural and thermal analyses [3], [2]. Abaqus is
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another software package used to perform FEA [18].
ANSYS R23.0 is specifically used for FEM analysis to
optimize the thermal behavior of pistons [14].
ANSYS Workbench is employed to analyze piston
performance characteristics [5], [8]. ANSYS V14.5 is
utilized for conducting simulations and stress
analyses [16].

Simulation Parameters and Boundary Conditions
Operating gas pressure and temperature serve as
key investigation functions in simulations [14]. The
material properties of the piston are carefully
considered during the analysis process [11].
Boundary conditions and the non-uniform
temperature distribution from the piston head to
the skirt are applied in the simulations [11].
Convection boundary conditions are taken into
account for thermal analysis [12]. Gas temperature,
cooling water temperature, and oil temperature are
used as input parameters for simulations [20].

Structural Analysis of Piston Head

Stress Distribution Analysis

The primary objective of the project involves
measuring the stress distribution on the top surface
of pistons constructed from aluminum alloy [18].
FEA is employed to analyze stress distribution
patterns under both thermal and mechanical stress
conditions [1]. The piston's top region is subject to
the highest levels of stress, significantly
contributing to potential fatigue failure [16]. Non-
uniform temperature distribution within IC engines
can induce stress generation on the piston head
[18]. The focus of the study is to evaluate stress
patterns to enhance and optimize the overall piston
design [9].

Deformation Analysis

FEA is utilized to assess the deformation of the
piston when subjected to thermal and mechanical
stresses [1]. Aluminum alloy exhibits the maximum
deformation and equivalent strain for a given
pressure load [8]. Structural steel and grey cast iron
demonstrate lower deformation and strain values
compared to aluminum alloy under the same
pressure conditions [8]. The piston is subjected to
inertial stresses and cyclic gas pressure, which can
potentially lead to fatigue damage [16]. The analysis

effectively identifies critical areas and regions of
heightened stress within the component using finite
element analysis techniques [16].

Failure Analysis and Prevention

The analysis predicts the potential for damage or
breakage of the piston's top surface under
operating conditions due to the presence of stress
[18]. Damage mechanisms can arise from various
sources, primarily including wear, temperature, and
fatigue-related factors [2]. Thermal fatigue and
mechanical fatigue play significant roles in causing
piston damage [2]. ldentifying the true design
features is essential to ensure extended service life
and long-term stability of the piston [18]. The
overarching objective is to optimize stress
variations occurring at the top of the piston under
real engine operating conditions [14].

Thermal Analysis of Piston Head

Heat Transfer Mechanisms

Thermal analysis is dedicated to investigating the
heat transfer mechanisms that occur within the
piston [3]. The piston receives thermal energy
generated during combustion, and a higher heat
flux promotes rapid cooling [8]. Heat flow patterns
and thermal temperature distribution are analyzed
using the surface temperatures of the piston [14].
The study emphasizes the thermal behavior
observed during pressure analysis on the piston's
examined surface [14]. The temperature distribution
across the piston is analyzed with the aid of ANSYS
software [6].

Temperature Distribution Analysis

Non-uniform temperature distribution from the
piston head to the skirt is considered in the analysis
[11]. The analysis aims to predict whether the top
surface of the piston might experience damage due
to temperature during operating conditions [11].
Aluminum alloy exhibits the lowest temperature on
the piston head when subjected to thermal load [8].
The highest temperature range is observed in
specific regions of the piston head [20]. The skirt
region experiences the minimum temperature due
to its distance from the combustion zone [20].

25



P.Vijayan. International Journal of Science, Engineering and Technology,

2022, 10:2

Thermal Stress Analysis

Thermal stress accumulation within the piston is
thoroughly investigated [3]. Thermal stress analysis
is conducted using two distinct materials:
Aluminum Silicon alloy and Aluminum Silicon alloy
steel [11]. Thermal stress and potential damage
resulting from pressure application are presented
and analyzed [2]. The rate of heat transfer and the
magnitude of thermal stress are evaluated for
different material compositions [6]. The maximum
Von-misses stress is observed to occur on the
piston head [21].

Influence of Top Surface Modifications on
Structural and Thermal Performance

Impact on Stress Concentration

Modifying the top surface directly influences stress
distribution and concentration patterns [17]. Piston
crown profile modifications are crucial for various
combustion mode strategies employed in modified
GDI engines [4]. The main objective of modifying
the crown surface profiles of the piston is to induce
swirl and squish effects, enhancing air-fuel mixing
[4]. Different piston head designs have a significant
impact on piston performance, particularly
concerning stress, temperature, and deformation
characteristics [5]. Topology optimization is
employed to optimize the arrangement of material
within the piston structure [15].

Impact on Heat Dissipation

Modifications to the top surface can enhance the
heat dissipation characteristics of the piston [1].
Piston crown profile modifications contribute to
maintaining the combustion chamber surface
temperature within acceptable limits [4]. Altering
the top surface influences the heat transfer
coefficient, affecting the rate of heat exchange [22].
Thermal barrier coatings are used to minimize heat
losses from the piston [12]. The temperature
distribution across the piston is analyzed to
evaluate its heat transfer capabilities [6].

Performance Optimization

Optimizing the top surface design can lead to
improvements in engine efficiency and a reduction
in wear [1]. Piston crown shape design is important
to prevent wall wetting during fuel injection, which

in turn enhances overall performance [4]. The study
focuses on optimizing stress variations at the top of
the piston under real engine operating conditions

[14]. Geometry optimization of the piston
contributes to improving overall performance
metrics [5]. An optimized piston design can

effectively reduce total stress and mass [23].

Case Studies and Experimental Investigations
Analysis of Specific Engine Types

The design of a steel piston for a marine diesel
engine belonging to the 190 series of heavy-duty
diesel engines was examined [10]. The
specifications used for studying pistons were based
on a four-stroke 100cc hero bike engine [24], [24]. A
150-cc piston, constructed from A4032 Aluminum,
of the Bajaj type, was considered in the
investigation  [23]. The study included a
computational thermal analysis of a four-ring
articulated piston marine diesel engine [20].
Simulation of a four-stroke direct injection heavy-
duty diesel engine piston made of aluminum silicon
alloy was performed [25].

Experimental Validation of Simulations
Engine durability bench tests are conducted to

validate the design of steel pistons [10].
Experimental investigations are performed to
analyze  the  combustion  and emission
characteristics of modified pistons [26]. The

experimental results are compared with those of
uncoated engines to identify optimized parameters
[13]. The simulation methodology is validated for
both Spark Ignition (SI) and Compression Ignition
(Cl) engines [27]. A good correlation is established
between simulation results and experimental data
[27].

Performance Comparison of Different Materials
Aluminum alloy, grey cast iron, and structural steel
are compared in terms of thermal and structural
performance [8]. Aluminum alloy 4032, aluminum
alloy 2618, and carbon graphite pistons are
compared using FEA techniques [24], [24]. The
performance of AISiC-12 is compared against that
of Al-6061 [9]. The study includes a comparison of
thermal behavior with the piston [28]. The results
demonstrate that a modified copper chromium
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zirconium  (CuCr1Zr) catalytic coated piston
produces fewer emissions and improves
performance when compared to a standard

uncoated piston type engine [13].

Challenges and Future Trends

9.1. Addressing Thermal and Mechanical Stresses
Piston failures primarily occur due to mechanical
and thermal stresses [11], [29]. The thermal and
mechanical loads on the engine increase
significantly with the rise in engine power density
[10]. Damage mechanisms originate from various
sources, predominantly wear, temperature, and
fatigue-related factors [2]. The analysis aims to
predict whether the top surface of the piston may
be susceptible to damage due to temperature
during engine operation [11]. The study's core
objective is to investigate and analyze the stress
distribution within the piston under actual engine
conditions [11].

Advancements in Materials and Manufacturing
Advancements in engine design incorporate
lightweight materials, including ultrahigh tensile
strength steels, aluminum, magnesium alloys,
polymers, and carbon-fiber composites [9]. Additive
manufacturing techniques are being explored, and
AlISi10Mg Alloy has been selected as a compatible
material for piston construction using these
methods [7]. Metal additive manufacturing,
specifically laser powder bed fusion (LPBF) for
automotive and defense industries, has made it
possible to produce functional internal combustion
(IC) engine components [30]. LPBF has significantly
reduced percentages, potentially making them
more robust than their cast counterparts [30].
Topology optimization has been developed
through the use of finite element methods analysis
[15].

Integration of Simulation and Experimental Data
Integrating simulation, material science, and
mechanical analysis enhances the design lifecycle of
engine pistons [1]. The temperature field obtained
from simulation is used as input to perform
thermo-mechanical fatigue analysis, predicting the
useful life and durability of the engine and piston
[27]. A strong correlation is established between

simulation results and experimental data [27]. The
results of mathematical analysis are compared with
simulation results obtained using ANSYS software
[31]. The study aims to predict the location of
critical failures, optimize design processes, and
reduce time and costs for organizations [27].

I1. CONCLUSION

Summary of Key Findings

Piston design and material selection are essential
for ensuring engine durability and performance [1].
Structural and thermal analyses are crucial for
optimizing piston design and ensuring its reliability
[3]. Top surface modifications influence stress
concentration, heat dissipation, and overall piston
performance [4]. Advanced materials and
manufacturing techniques offer  potential
improvements in piston design and performance
[9], [30]. Integrating simulation and experimental
data enhances the design process, leading to more
accurate and reliable results [1], [27].

Implications for Engine Design

Optimizing piston design can lead to more efficient
and reliable IC engines [1]. Reducing piston
structural weight contributes to decreased fuel
consumption [9]. Proper material selection ensures
that the piston can withstand induced stresses
during work cycles, preventing premature failure
[25]. Understanding the thermal behavior of the
piston is crucial for capturing the thermal swing
effect of coatings and optimizing their performance
[32]. The piston skirt experiences the minimum
temperature due to its distance from the
combustion zone, influencing design considerations
for thermal management [20].

Future Research Directions

Future research can explore alternative materials
and coatings to further enhance piston
performance and durability [9], [12]. Transient
heating analysis and experimental verification can
be conducted to achieve a comprehensive
understanding of fin geometry and behavior under
real operating conditions [33]. Investigating the
effect of piston crown and piston boss thicknesses
on the stresses generated on the piston can provide
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valuable insights for design optimization [23]. The
ease of capturing complex flow paths with robust
mesh generation tools and high-fidelity interface
capturing VOF schemes highlights opportunities for
advanced simulation techniques [34]. Future work
may include exploring additional parameters such
as piston cooling gallery design to optimize thermal
management [35].
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