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Abstract. Fueling internal combustion engines with hydrogen is one of the most recommended alternative fuels today in order to combat the energy
crisis, pollution problems, and climate change. Despite all the advantages of hydrogen fuel, it produces a higher combustion temperature than gasoline.
In an internal combustion engine, the piston is among the numerous complex and highly loaded components. Piston surfaces are directly affected by
combustion flames, making them critical components of engines. To examine the stress distribution and specify the critical fracture zones in the
piston for hydrogen fuel engines, a three-dimensional CFD-solid-mechanics model of the internal combustion engine piston subjected to real
thermomechanical loads was analyzed numerically to investigate the distribution of the temperature on the piston body, the interrelated
thermomechanical deformations map, and the pattern of the stresses when fueling the engine with hydrogen fuel. With the aid of multiphysics
COMSOL software, the CFD-solid-mechanics equations were solved with high accuracy. Despite the increase in pressure on the piston and its
temperature when the engine is running on hydrogen fuel, the results show that the hydrogen fuel engine piston can withstand, safely, the
thermomechanical loads. In comparison to gasoline fuel, hydrogen fuel caused a deformation of 0.34 mm, an increase of 17%. This deformation is
within safe limits, with an average clearance of 0.867 mm between the cylinder liner and piston.
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1. Introduction excessive amount of thermal stress, the piston in the
combustion chamber is exposed to large axial and lateral loads
as well as inertia forces during the power cycles (Najafi et al,
2019; Garbincius et al., 2005). In order to avoid any failure of the
piston body, it is important to study the combined thermal and
mechanical forces acting on it, especially when using alternative
fuel for the engine or introducing a new design (Durat et al.,
2022; Tan et al., 2022).

To understand the deformed shape of the engine piston
and its strength, computerized finite volume analysis techniques
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Hydrogen fuel has the potential to play a role in reducing al, 2019)

greenhouse gas emissions and combating climate change.
When produced using renewable energy sources, hydrogen can
be a clean and emission-free fuel for transportation, heating and
power generation. Using non-fossil energy, it can be produced
from water and the combustion process returns water to its
original state (Ikonnikova et al., 2022). Hydrogen ignites with a
smaller amount of energy than gasoline. With hydrogen
engines, lean mixtures can be ignited quickly due to the lower
ignition energy of hydrogen fuel (Ikonnikova et al., 2022; Vichos
et al, 2022). One of the most stressed parts of an internal
combustion engine is its piston (Ismail et al., 2020; Mancaruso
and Sequino, 2019). In addition to being subjected to an

Carbon oxides, nitrogen oxides, hydrocarbons, soot, sulfur
oxides, and a variety of volatile organic compounds are among
the most common emissions from internal combustion engines
fueled by fossil fuels. Research has focused on the fuels
economy by adopting strategies of reducing fuel consumption
and environmental impact by lowering the toxic component
concentration in combustion products through the use of
alternative fuels in response to today's energy crisis, pollution
problems, and climate change (Pingkuo and Han, 2022).

Under all operating conditions, particularly when there is
a large amount of power being output, the piston of the internal
combustion engine should possess high strength. Using a
numerical model, Ismail et al., (2020) studied the effect on piston
loading by increasing the boosting pressure until achieving the
maximum engine power possible by analyzing the
thermomechanical loads on the whole body of the piston.
According to their results, the piston is in a safe condition and
can withstand additional stress loads up to the additional power
that can reach 56%.
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A major issue in improving combustion engine efficiency
is heat losses. Moreover, engine components such as pistons, as
well as their thermal state, need to be considered. Mancaruso
and Sequino, (2019) measured experimentally the piston
temperature of the internal combustion engine during operation
to evaluate heat losses and engine efficiency. Their study
provided them with experimental data that enabled them to
build a one-dimensional model of heat transfer using only
theoretical data.

Since redesigning and manufacturing a new engine would
be very expensive, engineers evaluate the consequences of
upgrading an already-designed engine to get higher
performance. An increase in engine power was achieved by
increasing engine speed and combustion gas pressure (Najafi et
al., 2019). The life of a piston decreases by 4000 times when
engine power increases to reach the maximum stress of 50%.
Lower ring grooves and pinholes are critical areas for engine
pistons when power increases (Najafi et al., 2019).

Using the influence of changes in heat transfer conditions
and scale deposits on the outer surface of cylinders, Garbinéius
et al., (2005) investigated numerically the variation of thermal
gaps between pistons and cylinders. Compared with the case
without scale deposits, their results showed a 0.02 mm increase
in piston deformations and a 0.025 mm increase in cylinder
deformations.

Many studies have examined the effects of thermal barrier
coatings on the pistons of internal combustion engines,
particularly how it reduces the amount of heat that is rejected
from the cylinder in adiabatic engines (Durat et al., 2012; Tan et
al, 2022; Zhou et al, 2022). The combustion process and
exhaust emission characteristics are, however, affected by the
insulation of the engine piston. Insulation of the engine's pistons
can reduce the heat transfer between the gases in the cylinder
and the piston wall and thus increase the combustion
temperature inside the cylinder (Durat et al, 2012; Tan et al.,
2022).

In an engine, the piston plays a crucial role due to its direct
contact with combustion flames (Deulgaonkar et al, 2021).
Microstructure plays a significant role in most piston failures
(Satyanarayana et al., 2018; Lohakare et al., 2022). Cracks are
usually the cause of failure in the pinhole or skirt of the piston
(Venkatachalam and Kumaravel, 2019; Zhenwei et al., 2022).

Temperature distributions are crucial for engine piston life
and durability (Koutsakis et al., 2022; Azadi and Parast, 2022). It
is very important to determine the temperature distributions
with high accuracy in order to determine the thermal stress
distribution and critical fracture zones in the engine piston
(Dudareva et al,, 2017; Kakaee et al., 2015; Gai and Zhao, 2022).
However, investigating with high accuracy the temperature
distribution on the engine piston body and the
thermomechanical deformations resulting from fueling the
internal combustion engine with hydrogen fuel is still lacking.
This work aims to cover this shortcoming using a three-
dimensional computational fluid dynamics (CFD) solid
mechanics model subjected to actual thermomechanical loads
to examine the stress distribution and specify the critical
fracture zones in the piston for hydrogen fuel engines.

2. Methodology

Several steps are involved in the modelling process.
Modelling begins with the computational domain of a piston
engine. COMSOL's library and its CAD tools have been used to
construct a geometry model of the engine piston in three
dimensions. An analysis of heat transfer processes within the
combustion chamber is included in the thermal modelling
process to determine the temperature distribution inside the
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piston. The solid mechanics model has been applied to
determine the mechanical as well as thermal stresses inside the
piston body, in addition to the total deformation. A
thermodynamic engine power cycle simulation model has been
employed to calculate the pressure and temperature inside the
combustion chamber. The finite volume model of the CFD-solid
mechanics applies mechanical and thermal boundary
conditions simultaneously. The final step is to generate the
mesh and solve the governing equations for the model. These
steps are detailed in the following subsections.

2.1. CFD thermal model

An internal combustion engine piston 3D model based on
the finite volume method (FVM) is presented. In this model, the
engine piston is subject to mechanical and thermal loads arising
during its operation. The computational domain in the whole
three dimensions of the geometry of the engine piston sitting on
the connecting road is shown in Figure 1.

Heat transfer equations related to conduction and
convection, as well as the appropriate boundary conditions, are
used to predict the map of the temperatures within the engine
pistons.

In the piston of the internal combustion engine, the heat
transfer takes place is governed by the following equation (Cerit
and Coban, 2014; Cerit, 2011);

Py I+ pe, 0. VT = V. (kVT) + Q (1)

where Q is the source of the heat from the combustion of
the fuel [W], u denotes the velocity vector [m/s], ¢ refers to time
[s], cpis referring to the piston material heat capacity [kJ/kg.K],
pis denoting to the piston material density [kg/m?], T denotes
the temperature [K], and k is referring to the piston material
thermal conductivity [W/m.K].

2.2. Solid mechanics model

The following equations will be used to determine the
mechanical as well as thermal stresses inside the piston body of

Burnt zone

Flame front
Unburnt zone
- Cylinder

Piston rings

Wrist pin

Piston

Connecting rod

Crankpin

Fig 1. The geometry domain of a piston assembly in an engine.
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Table 1
Piston and ring thermomechanical properties.

Property Rings Base metal (AlSi piston)

Young's modulus [GPa] 200 69

Poisson's ratio 0.3 0.33

Thermal conductivity [W/m °C] 16 155

Thermal expansion 1076 [1/°C] 10 21

Density [Kg/m®] 7300 2700

Specific heat [J/kg °C] 460 960

the internal combustion engine (Cerit and Coban, 2014; Cerit,
2011);

—V.o =Fe (2)

where ¢ is the stress [Pa], F is the constitutive matrix, and €
refers to strains.

Changing the temperature of an unconstrained isotropic
volume results in thermal strains, which can be calculated as
follows (Cerit and Coban, 2014; Cerit, 2011);

ecn = a(T — Trey) (3)

where Tris the piston reference temperature and « refers to the
thermal expansion of the piston material [1/K].

The thermomechanical properties of the piston with the
rings of the internal combustion engine are summarized in Table
3 (Cerit and Coban, 2014).

2.3. Thermodynamic engine cycle model

During the combustion process of an engine, the piston is
subjected to heat fluxes and pressure forces caused by hot
gases. To predict the pressure and temperature inside the
combustion chamber, the power cycle has been simulated with
high accuracy by two zones internal combustion engine model.
The model predicts mass burning rates, heat release rates,
accumulated heat releases, the composition of burned and
unburned zones, the temperature of burned and unburned
zones, cylinder pressure, the loss of heat by radiation and
convection, the energy loss resulting from flow into crevices, the
concentration of pollutants emitted, and the performance of the
engine.

Using the two zones model, the internal combustion
engine combustion chamber has been generally divided into
burned (reaction) and unburned (premixed) zones separated by
a flame front (Figure 1). Combustion products are assumed to
remain within the reaction zone where the chemical reaction
occurs. The unburned zone is filled with a premixed gas
mixture. The process of modelling includes taking into account
both the thermodynamic properties of the mixture and the
individual chemical species in the two zones. A thermodynamic
analysis of the burned and unburned zones was conducted in
accordance with the first law of thermodynamics, equation of
state, and conservations of mass and volume. Throughout the
cylinder charge, it was assumed that the pressure would be
uniform.

The two zones simulation model that was used in the
present work is an extension of the work of Al-Baghdadi and Al-
Janabi (1999, 2000, 2003). In addition, the model has been
extensively enhanced and developed in order to accommodate
a wide variety of different engine models that are working with
different types of fuels (Al-Baghdadi, 2000, 2004, 2005, 2006).

The following equation was used to model the mass burning
rate;

aM, =A;.p.ST

(4)

In the mass burning rate equation, the Af; denotes the area of
the flame front [m?], p refers to the density of the gas mixture
[kg/m?®)], and ST refers to the turbulent flame front speed [m/s].

The following equation can be used to calculate the heat
transfer coefficient at the piston head of the internal combustion
engine (Cerit and Coban, 2014);

he(8) = 3.26(B,(8)) " (6.18 x 1,) " (b=02)(T,(8)) **°  (5)

where 6 is the crankshaft angle [degree], P; refers to the
gas pressure inside the cylinder [Pa], V, denotes the mean
engine piston speed during the power cycle [m/s], b denotes the
engine piston bore dimension [mm], 7, refers to the gas
temperature inside the combustion chamber [K], and 4, denotes
the heat transfer coefficient at the piston head [W/m?2.K].

The resulting gas temperature (7,) and mean heat transfer
coefficient (4gn) can be calculated as follows because of the high
gases temperature as well as pressure variations inside the
combustion cylinder during the engine power cycle (Cerit and
Coban, 2014);

gr = % (6)
hgm =35 ly - hg(6)d 0 )
(hgTy) =— J7% hg(@)T,(6)d6 (8)

An overview of the combustion engine specifications and the
operating conditions are provided in Table 2 (Al-Baghdadi and
Al-Janabi, 1999; Al-Baghdadi, 2000). Hydrogen and gasoline
fuel properties are listed in Table 3 (Al-Baghdadi and Al-Janabi,
1999; Al-Baghdadi, 2006).

Table 2
Conditions of operation and specifications of the engine.
Engine specification

Dimension of the piston bore [mm] 80
Dimension of the connecting rod [mm] 200
Number of the cylinders 4
Compression ratio 7.5
Engine speed [rpm] 1500
Equivalence ratio 1
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Table 3

Properties of hydrogen and gasoline fuels.
Property Hydrogen Gasoline
Chemical formula H: CsHis
Molar carbon to hydrogen ratio 0.0 0.444
Stoichiometric air/fuel ratio, mass 34.32 15.11
Combustion speed in air (m/s) 2.65-3.25 0.37-0.43
Lower heating value (MJ/kg) 119.93 44.5
Flammability limits (% by volume) 41-74 1.2-6
Working mixture equivalence ratio @ 0.1-71 0.6-3.5
Minimum ignition energy in the air [mJ] 0.02 0.24
Self-ignition temperature (K) 855 530
Octane number 130+ 86-94

Gas pressure force

2.4. Modelling parameters

Finite-volume methods were used to discretize the
equations and multiphysics COMSOL software was used to
solve them. An accurate grid is found by adopting a fine
quadratic mesh and finding the minimum number of cells. The
numerical tests were performed in accordance with stringent
numerical standards to ensure that their results were
independent of grid size. In order to obtain a satisfactory spatial
resolution, a quadratic mesh consisting of 203143 elements of
the domain part, 43024 elements of the boundary parts, and
6392 elements of the edge parts was seen to be adequate
(Figure 2a). Furthermore, mechanical boundary conditions were
applied along with the heat transfer boundary conditions (Figure
2b). During the power cycle, the engine piston surface is
exposed to a large amount of heat and pressure resulting from
the combustion process. Based on the results of the
thermodynamic engine cycle model simulation, the mean piston
temperature and the mean heat transfer coefficient have been
calculated and used as thermal boundary conditions. As a
mechanical boundary condition, the upper surface of the piston
engine has been considered as the area where the gas pressure

h=600 W/m>.°C, T=650 "C

h=350 W/m>.°C, T=500 °C
h=300 W/m>.°C, T=180 °C
h=400 W/m>.°C, T=170 °C

h=400 W/m>.°C, T=110 °C

h=1500 W/m>."C, T=100 °C

(b)

Fig 2. Computational mesh (a) and boundary conditions (b).

inside the cylinder acts upon. In an iterative solution, the relative
error in each field between consecutive iterations was less than
1.0x10%, indicating that the solution was convergent.

3. Results and discussions

3.1. Thermodynamic power cycle

In addition to the heat flux caused by the combustion of
the fuel, the piston of the engine is also exposed to the hot gas
pressure forces within the combustion chamber (Nguyen-Thi, T.
X., and Bui, 2023; Ramegouda and Joseph, 2021). As a function
of the crankshaft angle, the cylinder pressure inside the
combustion chamber and the temperature of each burned and
unburned zone for the power cycle are shown for each case of
the gasoline-fueled engine and hydrogen-fueled engine (Figures
3). In the hydrogen fuel engine, there is a clear increase in the
peak gas pressure inside the cylinder and peak burned and
unburned temperatures. The high hydrogen combustion
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Fig 3. An analysis of the variation in-cylinder pressure, unburned and burned temperatures as a function of crank angle: (a). gasoline fuel and (b).

hydrogen fuel.

expansion rates increase the cylinder pressure. Furthermore,
the gas pressure diagram inside the cylinder approaches closer
to the ideal cycle diagram, where the period of the combustion
process decreases. The peak gas pressure increases from 31 bar
to 50 bar, and the peak burned gas temperature increases from
2482.36 K to 2909.84 K. The reason for this is that the flam
speed increases, and hence, mass burning of the fuel is
increasing at a faster rate. As a result, the combustion process
takes less time, which results in a reduction in heat transfer to

degC
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180
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140
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(a)

cylinder walls, a reduction in exhaust gas temperature, a higher
overall internal combustion engine efficiency, and a decrease in
knocking.

3.2. Temperature distributions

As a result of the simulation model, Figures 4 and 5 show
the temperature distributions at all points of the body of the
assembly piston. There is an uneven distribution of steady-state
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240
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180
160
140
120
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(b)

Fig 4. Temperature distribution along the overall assembly engine piston: (a). gasoline fuel and (b). hydrogen fuel.
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Fig 5. The temperatures map of the engine piston body for two case studies: (a). gasoline fuel and (b). hydrogen fuel.

temperatures across the piston crown edges and piston center,
with the highest values occurring there. Piston temperatures for
the gasoline fuel engine are 246.4°C, while piston temperatures
for the hydrogen fuel engine are 300.8°C. For the gasoline fuel
engine, the maximum temperature variation is from 161.7°C to
187.4°C at the groove of the first ring. The range of
temperatures changed from 176.4°C to 195.2°C for the
hydrogen fuel engine, which indicates a greater thermal load.
Gasoline fuel engine piston skirt temperatures variation from

0.34
0.32
0.30
0.28
0.26
0.24
0.22
0.20
0.18
0.16

(©

112.6°C to 130.8°C, while hydrogen fuel engine case
temperatures range from 136.5°C to 167.4°C. Temperature
distribution in the piston's significant vital region (the inner edge
of pin bosses on the upper surface) within this range between
119°C and 146°C for the gasoline fuel engine case study. In
comparison, the hydrogen engine case goes between 143°C and
177°C. The total mechanical and thermal stresses induced in
these areas of the piston material remain in the elastic zone
when temperature values reach this level, due to the material of

0.34
0.32
0.30
0.28
0.26
0.24
110.22
0.20
0.18
0.16

(d)

Fig 6. von Mises stresses distributions over the piston of the engine: (a). gasoline fuel and (b). hydrogen fuel; and piston engine
deformation: (c). gasoline fuel and (d). hydrogen fuel.
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the engine piston's yield limit value being high enough to
provide sufficient strength.

3.3. Stresses and deformation distributions

Hydrogen combustion generates high temperatures,
leading to thermal expansion and increased thermal stress on
the piston body. Moreover, the high product gas pressure of
hydrogen combustion creates high mechanical loading stress on
the piston body. According to Figure 6a and Figure 6b, both
thermal load and combustion pressure contributed to the stress
map of the engine piston. In both the gasoline fuel case study
and hydrogen fuel case study engines, the piston is subject to a
maximum von Mises stress of 183.9 MPa and 221.8 MPa,
respectively. Additionally, the inner surface edges for the pin
bosses, and the upper and lower surfaces of the combustion
bowl, are subjected to significant stress. Approximately 48.9
MPa of stress are measured at these regions in the case of the
gasoline fuel engine and 58.9 MPa in the case of the hydrogen
fuel engine. A combination of temperature differences between
hot and cold regions and combustion gas pressure contributed
to these stresses.

Mechanical and thermal loads are increased on the piston
body during hydrogen combustion due to the high expansion
rates and high flame temperatures. A representation of the
engine piston deformation distributions under both the product
of combustion gas pressure in addition to the gas high-
temperature load are shown in Figure 6¢ and Figure 6d. It is
important to note that the deformation of the piston is assessed

MPa

-25

MPa
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based on the contact conditions between the assembled bodies
analyzed as well as the imposed constraints. Radial and axial
distributions of deformation are observed. According to the
results, both temperature and pressure served as principal
contributor piston's deformation. In the gasoline fuel engine
case study, the maximum deformation suffered by the piston
was 0.285 mm, and in the case of the hydrogen fuel engine, it
was 0.346 mm. Piston crown edges, which are closest to hot
gasses and to the coolant medium, are the most susceptible to
this phenomenon. Additionally, the skirt's bottom area can be
noted, the deformation of the piston decreases gradually, and it
is still within a safe margin when it reaches the bottom. In the
case of an engine operating under normal conditions, the safe
margin is equal to 0.867mm which lies between the outer engine
piston body and the inner cylinder liner.

3.4. Contact pressure distributions

Combustion gases exert force on the piston and
connecting rods of an engine through piston pins. By swinging
the connecting rod, it transfers reciprocating motions and
combustion forces to the crankshaft by rotating the crank. Due
to extreme operating temperatures, high combustion pressure,
and high loads, piston pins must operate in severe conditions.
High surface pressure at the contact regions between the
assembled engine piston parts plays an important in piston
failure (Kowalski et al., 2023). As the piston is pushed against the
pin boss due to the downward force acting on the piston, high
pressure on the surface is created at the contact region of the

MPa

-25

MPa

Fig 7. The distribution of the pressure over the piston pin bosses: (a). gasoline fuel and (b). hydrogen fuel; and over the piston compression
rings: (c). gasoline fuel and (d). hydrogen fuel.
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pin bosses. As shown in Figure 7a and Figure 7b, this pressure
is usually found at the pin boss edges, with a maximum of 20.3
MPa for the gasoline fuel engine case study and 25.2 MPa for
the hydrogen fuel engine case study. The assembly parts of the
piston engine experience high-pressure loads in the case of
hydrogen fuel due to hydrogen combustion's high expansion
rates. A little bit more friction, heat generation, surface damage
and noise perspective can be expected for the hydrogen fuel
engine due to the asperity contact forces.

An important source of friction also occurs in the piston-
ring-liner compartment. There is a circular distribution of
pressure that occurs along the first landside of the piston
compression rings, as shown in Figure 7c and Figure 7d. The
maximum pressure value in the gasoline fuel engine case study
is 37.8 MPa, while the maximum pressure in the hydrogen fuel
engine case is 47.1 MPa, located at the first edges of the
compression rings. Because hydrogen combustion's expansion
rates are high, piston compression rings are subjected to high
pressures in this case. Hydrogen fuels are therefore expected to
generate slightly more heat as a result of piston compression
ring friction.

Accordingly, from the results of the contact pressure in
both piston pin bosses and piston compression rings, attention
must be paid to the issue of good lubrication and the quality of
the oil used in the case of engines that run on hydrogen fuel.

4. Conclusions

There has been an investigation of the mechanical loading
in addition to the thermal loading of a piston body of an engine
fueled by hydrogen fuel, and the results of this study have been
presented. Throughout the study, an approach is introduced for
simulating the real conditions of the piston contacting with other
parts of the engine as well as the actual loading of the piston,
constraints, and other factors in the engine. The study
demonstrates the effect of temperature changes, stresses and
deformations at points where the piston is most loaded, as well
as the distribution of contact pressure. In general, the maximum
temperature values are located on the edge of the top face of
the piston, and they are identified from there. In the hydrogen
fuel engine, the highest temperature is 300.8C. This is more than
in a gasoline fuel engine by 18%. The highest stress is located at
the edges of the bowl lip areas of the crown of the piston's top
face. In the hydrogen fuel engine, the highest value of von Mises
stress is 221.8 MPa. This is more than in a gasoline fuel engine
by 17%. The highest deformation is located and indicated at the
piston crown edges areas of the piston's highest face. In the
hydrogen-fueled engine, the highest deformation is 0.346 mm.
This is more than in a gasoline fuel engine by 17.6%. With an
average clearance of 0.867 mm between the cylinder liner and
piston, this deformation is within safe limits. Engine piston pin
bosses have a high contact pressure on their upper inner
surfaces. The highest value for the hydrogen fuel engine is 25.2
MPa. This is more than in a gasoline fuel engine by 19.4%. The
highest pressure over the piston compression rings occurs along
the first landside. There is maximum value that can be reached
for the hydrogen fuel engine is 47.1 MPa. This is more than in a
gasoline fuel engine by 19.7%.
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