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Chapter 1. Introduction 

1.1. Back ground 

1.1.1. Environmental issue 

Nowadays, the internal combustion engine is essential machine of human society 

especially for transportation. Moreover, according to World Energy Outlook,[1] global 

transportation-related energy demand is expected to grow by more than 25 percent from 2017 to 

2040. With this growing demand, the global environmental issue, especially global warming, 

should be considered seriously. The greenhouse gas (GHG) emission from these internal 

combustion engines is one of the biggest factors of global warming. In order to improve this 

problem, the Paris Agreement has been built in 2015.[2] This protocol is next protocol of Kyoto 

Protocol which is established in 1997.[3] This Paris Agreement represents the realization of Zero-

carbon(emission) society by 2075. This is based on the scientific theory indicated by IPCC 

(Intergovernmental Panel on Climate Change).[4] According to IPCC report 2018, global average 

temperature has been increased by 1℃ since industrial revolution because of human life. It is also 

said that, the global temperature is predicted to be increased by 1.5℃ until 2030, and 4℃ until 

2050 if this economic activity keeps working. In order to suppressed this global average 

temperature increasing by 1.5℃, the zero-carbon society has to be realized until 2050. Paris 

Agreement published the regulation of emission every 5 years to each country including developed 

and developing country, based on this scientific theory. 

To achieve this regulation, increasing the efficiency of internal combustion engine has still 

significant potential because the World Energy Outlook expects the demand of internal combustion 

engines for the transportation sector will still increase all over the world.[1] 

 

1.1.2. Conformability between piston-rings and cylinder liner 

There is much possibility to improve the efficiency of internal combustion engine. One 

way is to improve the conformability between piston-rings and cylinder liner.[5][6] Fig.1-1 shows 

the simple mechanism of the tribology including piston, three piston-rings and cylinder liner. The 

lubrication oil is packed between the piston-rings and cylinder liner. So, if conformability of 

them is not good, the lubrication oil will leak toward crankcase, which is known as blow-by, or 

back to chamber, which is known as blow-back. This leads to increase of the lubrication oil 

consumption (LOC). This property is important factor for the reduction of the GHG and 

efficiency. It is said that lubrication oil accounts for 20~50% of exhaust gas particles from the 

engine.[7] This means, for example, if the LOC is high, not only even abnormal wear could be 

occurred between them and friction losses in the engine would be increased, but also this leads to 

increased GHG emission.[8][9] 

To conquer this theme, it is necessary to improve both performance of the piston-rings and 

cylinder liner. On one hand, piston rings tightness should be high appropriately. If this tightness 
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is not enough high, lubrication oil cannot be sealed perfectly and will leak. But also, too much 

tightness leads more friction losses from the engine and more GHG.[8] However, it is current 

issue that higher piston rings tightness is necessary to cover the clearance between piston rings 

and cylinder liner due to the bore deformation of the cylinder liner. Actually, the bore of the 

cylinder liner cannot be perfect cylindrical shape in high temperature and pressure condition like 

engine operation. This means that suppression of this bore deformation has the significant 

potential to reduce the GHG emission and friction losses, ultimately leads to higher efficiency, 

because the possibility to improve the piston rings ability is limited.[10] 

 

Fig.1-1 

1.2. Purpose of study 

In order to suppress the bore deformation of the cylinder liner, there are two types of possible 

approaches. One is geometric modification of the cylinder liner, which is investigated using 

simulation by Alshwawra A. [11][12] Another is material modification of that and this is the topic of 

this thesis. Recently, gray cast iron is used for cylinder liner considering wear resistance and low 

thermal expansion coefficient. Besides, gray cast iron or aluminum alloy is used for cylinder block 

considering low density and cost for assemble process.  

In this investigation, the simulation model for this thermal and mechanical bore deformation 

of the liner has been built. Moreover, it is investigated how this bore roundness would change if 

material property is operated using this simulation model. Only the simulation is the possible to 

conduct this kind of investigation like operating only each property of materials, because this 

cannot be conducted experimentally.  

That is why, the purpose of this study is to find the best each material property for the 

cylinder liner and block, and make it basic concept to develop the new future material for them. 
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Chapter 2. Calculation and simulation model 

2.1. Finite element method (FEM) 

In this section, the overflow of FEM is expressed. The simple algorithm is shown as 

Fig. 2-2. First of all, the solid model for analysis is divided into small elements as shown in 

Fig.2-1. Next, the boundary conditions like material property, thermal load or pressure are set as 

pre-process. FEM starts from this step. Firstly, based on the boundary condition and equation 

(2.1.1), calculate element stiffness matrix [𝐾𝑒] about each element meshed by pre-process.  

[𝐾𝑒]{𝑢𝑒} = {𝐹𝑒} (2.1.1) 

{𝑢𝑒} : nodal displacement vector  

{𝐹𝑒} : nodal applied load vector as boundary condition 

With the superposition of this [𝐾𝑒], global stiffness matrix [𝐾] is calculated. Next, the surface 

stress vector is integrated and the global nodal load vector {𝐹} is calculated. Through this 

process, the huge simultaneous linear equation (2.1.2) can be written below. 

[𝐾]{𝑢} = {𝐹} (2.1.2) 

Solving this linear equation, the nodal displacement vector {𝑢} is calculated. Moreover, by 

strain-displacement relationship equation (2.1.3) and stress-strain relationship equation (2.1.4), 

each element stress and strain are calculated. 

{휀} = [𝐵]{𝑢} (2.1.3) 

{𝜎} = [𝐷]{휀} (2.1.4) 

Finally, the result is visualized by post process software as output. 

 

Fig. 2-1 meshing 
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Fig.2-2 algorithm of FEM 

 

2.2. ANSYS MECHANICAL 

ANSYS MECHANICAL is one tool of ANSYS software products to simulate mechanical 

phenomenon based on the finite element method (FEM). In this investigation, ANSYS 

MECHANICAL APDL 2019.R3 is used. The calculation mechanism is based on following 

dominant equation.[13] 

 

2.2.1. Thermal-structural coupled field analysis method 

In this investigation, the simulation for the liner deformation must be calculated 

considering both of the thermal and mechanical load, so the thermal-structural coupled field 

analysis is necessary. In ANSYS MECHANICAL, there are two types of coupled field 

calculation methods, which are strong coupling and weak coupling. The program automatically 

controls to use better method for each simulation model, so the operator doesn’t have to care 

which method is better for each simulation. But each method can be specified on the purpose. 

The detail of these methods is shown as following. 

i). Strong coupling 

The matrix equation is the form shown as following: 

[
[𝑀] [0]
[0] [0]

] {
{�̈�}

{�̈�}
} + [

[𝐶] [0]
[𝐶𝑡𝑢] [𝐶𝑡]

] {
{�̇�}

{�̇�}
} + [

[𝐾] [𝐾𝑢𝑡]

[0] [𝐾𝑡]
] {
{𝑢}
{𝑇}

}

= {
{𝐹𝑛𝑑} + {𝐹𝑝𝑟} + {𝐹𝑎𝑐}

{𝑄𝑛𝑑} + {𝑄𝑔} + {𝑄𝑐}
} (2.2.1)

 

Where: 
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[𝑀]     : element mass matrix 

[𝐶]      : element structural damping matrix 

[𝐶𝑡]    : element specific heat matrix 

[𝐶𝑡𝑢]  : element thermoelastic damping matrix 

 [𝐾]      : element structural stiffness matrix 

 [𝐾𝑡] = [𝐾𝑡𝑏] + [𝐾𝑡𝑐]    : element thermal conductivity matrix 

[𝐾𝑡𝑏] : element diffusion conductivity matrix 

[𝐾𝑡𝑐] : element convection surface conductivity matrix 

[𝐾𝑢𝑡]  : element thermoelastic stiffness matrix 

{𝐹𝑛𝑑}  : applied nodal force vector as boundary condition 

{𝐹𝑝𝑟}   : pressure load vector 

{𝐹𝑎𝑐}   : force vector caused by acceleration effects 

{𝑄𝑛𝑑}  : applied nodal heat flow rate vector as boundary condition 

{𝑄𝑔}    : heat generation rate vector for causes other than Joule heating 

{𝑄𝑐}    : element convection surface heat flow vector 

This method provides for a coupled response in the solution after one iteration. 

 

ii). Weak coupling 

The matrix equation is the form shown as following: 

[
[𝑀] [0]

[0] [0]
] {
{�̈�}

{�̈�}
} + [

[𝐶] [0]

[0] [𝐶𝑡]
] {
{�̇�}

{�̇�}
} + [

[𝐾] [0]

[0] [𝐾𝑡]
] {
{𝑢}

{𝑇}
}

= {
{𝐹𝑛𝑑} + {𝐹𝑝𝑟} + {𝐹𝑎𝑐} + {𝐹𝑡ℎ}

{𝑄𝑛𝑑} + {𝑄𝑔} + {𝑄𝑐} + {𝑄𝑡𝑒𝑑}
} (2.2.2)

 

Where: 

{𝐹𝑡ℎ}     : thermal strain force vector 

{𝑄𝑡𝑒𝑑}    : heat generation rate vector for thermoelastic damping 

At least two iterations are required to achieve a coupled response. 

 

The derivation methods of each matrix of equation (2.2.1) and (2.2.2) are described below. 

 

2.2.2. Dominant equation for stress and strain 

Firstly, the strain can be divided into elastic strain and thermal strain. 

{휀} = {휀𝑒𝑙} + {휀𝑡ℎ} (2.2.3) 

The basic dominant equation for stress-strain relationship is following: 

{𝜎} = [𝐷]{휀𝑒𝑙} (2.2.4) 

{𝜎} = stress vector = {𝜎𝑥 𝜎𝑦  𝜎𝑧 𝜎𝑥𝑦 𝜎𝑦𝑧 𝜎𝑧𝑥}
𝑡

(2.2.5) 

Where: 𝜎𝑥 , 𝜎𝑦 , 𝜎𝑧 is normal strain and 𝜎𝑥𝑦, 𝜎𝑦𝑧 , 𝜎𝑧𝑥 is shear strain, as shown Fig.2-3. 
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Fig.2-3. Stress tensor 

With equation (2.2.3) and (2.2.4),  

{휀} = {휀𝑡ℎ} + [𝐷]
−1{𝜎} (2.2.6) 

 

[𝐷]−1 =

[
 
 
 
 
 
 
1 𝐸𝑥⁄ −𝜈𝑥𝑦 𝐸𝑥⁄ −𝜈𝑥𝑧 𝐸𝑥⁄ 0 0 0

−𝜈𝑦𝑥 𝐸𝑦⁄ 1 𝐸𝑦⁄ −𝜈𝑦𝑧 𝐸𝑦⁄ 0 0 0

−𝜈𝑧𝑥 𝐸𝑧⁄ −𝜈𝑧𝑦 𝐸𝑧⁄ 1 𝐸𝑧⁄ 0 0 0

0 0 0 1 𝐺𝑥𝑦⁄ 0 0

0 0 0 0 1 𝐺𝑦𝑧⁄ 0

0 0 0 0 0 1 𝐺𝑧𝑥⁄ ]
 
 
 
 
 
 

(2.2.7) 

Where typical terms are: 

𝐸𝑥   : Young’s modulus in the x direction 

𝜈𝑥𝑦 : major Poisson’s ratio 

𝜈𝑦𝑥 : minor Poisson’s ratio 

𝐺𝑥𝑦 : shear modulus in the 𝑥𝑦 plane 

The difference between 𝜈𝑥𝑦 and 𝜈𝑦𝑥 is described below. 

𝜈𝑦𝑥

𝐸𝑦
=
𝜈𝑥𝑦

𝐸𝑥
(2.2.8) 

𝜈𝑧𝑥
𝐸𝑧

=
𝜈𝑥𝑧
𝐸𝑥

(2.2.9) 

𝜈𝑧𝑦

𝐸𝑧
=
𝜈𝑦𝑧

𝐸𝑦
(2.2.10) 

The thermal strain {휀𝑡ℎ} can be expressed as following: 
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{휀𝑡ℎ} = Δ𝑇{𝛼𝑥   𝛼𝑦   𝛼𝑧   0     0     0}
𝑡

(2.2.11) 

Δ𝑇 = 𝑇 − 𝑇𝑟𝑒𝑓 (2.2.12) 

Where typical terms are:  

𝛼𝑥 : average (secant) thermal expansion coefficient in the x direction (see chapter 2.2.3. 

for temperature-dependent thermal expansion coefficient) 

𝑇  : current temperature at the point in question 

𝑇𝑟𝑒𝑓 : reference (strain-free) temperature 

Expanding equation (2.2.6) with equation (2.2.7) through (2.2.11), 

휀𝑥 = 𝛼𝑥Δ𝑇 +
𝜎𝑥
𝐸𝑥
−
𝜈𝑥𝑦𝜎𝑦

𝐸𝑥
−
𝜈𝑥𝑧𝜎𝑧
𝐸𝑥

(2.2.13) 

휀𝑦 = 𝛼𝑦Δ𝑇 −
𝜈𝑦𝑥𝜎𝑥

𝐸𝑦
+
𝜎𝑦

𝐸𝑦
−
𝜈𝑦𝑧𝜎𝑧

𝐸𝑦
(2.2.14) 

휀𝑧 = 𝛼𝑧Δ𝑇 −
𝜈𝑧𝑥𝜎𝑥
𝐸𝑧

−
𝜈𝑧𝑦𝜎𝑦

𝐸𝑧
+
𝜎𝑧
𝐸𝑧

(2.2.15) 

휀𝑥𝑦 =
𝜎𝑥𝑦

𝐺𝑥𝑦
(2.2.16) 

휀𝑦𝑧 =
𝜎𝑦𝑧

𝐺𝑦𝑧
(2.2.17) 

휀𝑧𝑥 =
𝜎𝑧𝑥
𝐺𝑧𝑥

(2.2.18) 

Based on these equations (2.2.13) through (2.2.18), the ANSYS MECHANICAL is solving the 

structural calculation. 

 

2.2.3. Temperature-dependent instantaneous thermal expansion coefficient 

With equation (2.2.11) and assumption that thermal expansion is same in each 𝑥, 𝑦, 𝑧 

directions, the general thermal strain can be expressed as following: 

휀𝑡ℎ = 𝛼(𝑇)(𝑇 − 𝑇𝑟𝑒𝑓) (2.2.19) 

If the temperature-dependent instantaneous thermal expansion coefficient 𝛼𝑖𝑛(𝑇) is applied for 

certain material property, with the input parameter 𝛼𝑖𝑛(𝑇), the average thermal expansion 

coefficient 𝛼(𝑇) can be calculated as following: 

𝛼(𝑇) =
∫ 𝛼𝑖𝑛(𝑇)𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

𝑇 − 𝑇𝑟𝑒𝑓
(2.2.20) 

Therefore, with equation (2.2.19) and (2.2.20), ultimately thermal strain can be converted as 

following: 

휀𝑡ℎ = ∫ 𝛼𝑖𝑛(𝑇)𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

(2.2.21) 
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Based on this (2.2.21) equation, the equation (2.2.13) through (2.2.15) can be calculated. 

 

2.2.4. Derivation of Structural matrices 

The principle of virtual work states that a virtual very small change of the internal strain 

energy must be external work due to the applied loads as boundary condition. Therefore,  

𝛿𝑈 = 𝛿𝑊 (2.2.22) 

𝛿𝑈 = 𝛿𝑈1 + 𝛿𝑈2 (2.2.23) 

𝛿𝑊 = 𝛿𝑊1 + 𝛿𝑊2 + 𝛿𝑊3 (2.2.24) 

𝛿𝑈  : virtual change of the internal strain energy 

𝛿𝑊  : external work 

The virtual strain energy is: 

𝛿𝑈1 = ∫ {𝛿휀}𝑡{𝜎}𝑑𝑉
𝑉

(2.2.25) 

From equation (2.2.6): 

{𝜎} = [𝐷]{휀} − [𝐷]{휀𝑡ℎ} (2.2.26) 

With equation (2.2.26), equation (2.2.25) is converted to following: 

𝛿𝑈1 = ∫ ({𝛿휀}𝑡[𝐷]{휀} − {𝛿휀}𝑡[𝐷]{휀𝑡ℎ})𝑑𝑉
𝑉

(2.2.27) 

From equation (2.1.3), the strains can be related to the nodal displacements. 

𝛿𝑈1 = {𝛿𝑢}𝑡∫ [𝐵]𝑡[𝐷][𝐵]𝑑𝑉{𝑢} − {𝛿𝑢}𝑡∫ [𝐵]𝑡[𝐷]{휀𝑡ℎ}𝑑𝑉
𝑉𝑉

(2.2.28) 

Another form of virtual strain energy is when a surface moves against a distributed resistance. This 

can be written as: 

𝛿𝑈2 = ∫ {𝛿𝑤𝑛}
𝑡{σ𝑛}𝑑𝑆

𝑆

(2.2.29) 

𝛿𝑤𝑛 : very small vertical motion to the surface 

σ𝑛    : stress or pressure carried by the surface 

This point-wise vertical displacement is related to the nodal displacements by: 

{𝑤𝑛} = [𝑁𝑛]{𝑢} (2.2.30) 

[𝑁𝑛] : matrix of shape functions for vertical motions at the surface 

Moreover:  

{𝜎𝑛} = 𝑘{𝑤𝑛} = 𝑘[𝑁𝑛]{𝑢} (2.2.31) 

𝑘 : the foundation stiffness in units of force per length per unit area 

With equation (2.2.30) and (2.2.31), the equation (2.2.29) is converted to following: 

𝛿𝑈2 = 𝑘{𝛿𝑢}𝑡∫ [𝑁𝑛]
𝑡[𝑁𝑛]𝑑𝑆

𝑆

{𝑢} (2.2.32) 

 

Next, the external virtual work will be considered. The inertial effects will be studied first: 
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𝛿𝑊1 = −∫ {𝛿𝑤}𝑡
{𝐹𝑎}

𝑉
𝑑𝑉

𝑉

(2.2.33) 

{𝑤}   : vector of displacements of a general point 

{𝐹𝑎} : acceleration (D'Alembert) force vector 

According to Newton's second law: 

{𝐹𝑎}

𝑉
= 𝜌

𝜕2{𝑤}

𝜕𝑡2
(2.2.34) 

The displacements within the element are related to the nodal displacements by: 

{𝑤} = [𝑁]{𝑢} (2.2.35) 

[𝑁] : matrix of shape functions 

With equation (2.2.34) and (2.2.35), equation (2.2.33) is converted to following: 

𝛿𝑊1 = −{𝛿𝑢}
𝑡𝜌∫ [𝑁]𝑡[𝑁]𝑑𝑉

𝜕2{𝑢}

𝜕𝑡2𝑉

(2.2.36) 

The pressure force vector formulation starts with: 

𝛿𝑊2 = ∫ {𝛿𝑤𝑛}
𝑡{𝑃}𝑑𝑆

𝑆

(2.2.37) 

{𝑃} : applied pressure vector 

With equation (2.2.30), equation (2.2.37) will be following: 

𝛿𝑊2 = {𝛿𝑢}𝑡∫ [𝑁𝑛]{𝑃}𝑑𝑆
𝑆

(2.2.38) 

Furthermore, nodal forces applied to the element can be accounted for by: 

𝛿𝑊3 = {𝛿𝑢}
𝑡{𝐹𝑛𝑑} 

{𝐹𝑛𝑑}  : applied nodal force vector as boundary condition 

Finally, equation (2.2.22) is converted to following: 

{𝛿𝑢}𝑡∫ [𝐵]𝑡[𝐷][𝐵]𝑑𝑉
𝑉

{𝑢} − {𝛿𝑢}𝑡∫ [𝐵]𝑡[𝐷]{휀𝑡ℎ}𝑑𝑉
𝑉

+ 𝑘{𝛿𝑢}𝑡∫ [𝑁𝑛]
𝑡[𝑁𝑛]𝑑𝑆

𝑆

{𝑢} 

= −{𝛿𝑢}𝑡𝜌∫ [𝑁]𝑡[𝑁]𝑑𝑉
𝜕2{𝑢}

𝜕𝑡2𝑉

+ {𝛿𝑢}𝑡∫ [𝑁𝑛]{𝑃}𝑑𝑆
𝑆

+ {𝛿𝑢}𝑡{𝐹𝑛𝑑} (2.2.39) 

To simplify this: 

([𝐾] + [𝐾𝑓]){𝑢} − {𝐹𝑡ℎ} = [𝑀]{�̈�} + {𝐹𝑝𝑟} + {𝐹𝑛𝑑} (2.2.40) 

Where typical terms are followings: 

[𝐾] = ∫ [𝐵]𝑡[𝐷][𝐵]𝑑𝑉
𝑉

   ∶  element structural stiffness matrix 

[𝐾𝑓] = 𝑘 ∫ [𝑁𝑛]
𝑡[𝑁𝑛]𝑑𝑆𝑆

  ∶  element foundation stiffness matrix 

[𝐹𝑡ℎ] = ∫ [𝐵]𝑡[𝐷]{휀𝑡ℎ}𝑑𝑉𝑉
  :  thermal strain force vector 
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 [𝑀] = 𝜌∫ [𝑁]𝑡[𝑁]𝑑𝑉
𝑉

         :  element mass matrix 

 {�̈�} =
𝜕2{𝑢}

𝜕𝑡2
                               :  acceleration vector 

{𝐹𝑝𝑟} = ∫ [𝑁𝑛]{𝑃}𝑑𝑆𝑆
          :  pressure load vector 

 

2.2.5. Dominant equation for thermal conductivity and head transfer 

By the first law of thermodynamics, the thermal energy has to be conserved. Thus, 

𝜌𝑐(
𝜕𝑇

𝜕𝑡
+ {𝑣}𝑡{∇})𝑇 + {∇}𝑡{𝑞} = �̇� (2.2.41) 

By Fourier’s law, 

{𝑞} = −[𝜆]{∇}𝑇 (2.2.42) 

With equation (2.2.42), equation (2.2.41) can be converted as following: 

𝜌𝑐
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐{𝑣}𝑡{∇}𝑇 − {∇}𝑡[𝜆]{∇}𝑇 = �̇� (2.2.43) 

Where, typical terms are, 

𝜌 : density 

𝑐 : specific heat capacity 

𝑡 : time 

𝑇 : temperature 

𝑣 : velocity for mass transport of heat 

𝑞 : heat flux 

𝜆 : thermal conductivity 

�̇� : internal heat generation per unit volume 

{∇} =

(

 
 
 
 

𝜕

𝜕𝑥
𝜕

𝜕𝑦
𝜕

𝜕𝑧)

 
 
 
 

 , {𝑣} = (

𝑣𝑥
𝑣𝑦
𝑣𝑧
) ,      [𝜆] = (

𝜆𝑥 0 0
0 𝜆𝑦 0

0 0 𝜆𝑧

) (2.2.44) 

Equation (2.2.41) can be written as following: 

𝜌𝑐 (
𝜕𝑇

𝜕𝑡
+ 𝑣𝑥

𝜕𝑇

𝜕𝑥
+ 𝑣𝑦

𝜕𝑇

𝜕𝑦
+ 𝑣𝑧

𝜕𝑇

𝜕𝑧
) −

𝜕

𝜕𝑥
(𝜆𝑥

𝜕𝑇

𝜕𝑥
) −

𝜕

𝜕𝑦
(𝜆𝑦

𝜕𝑇

𝜕𝑦
) −

𝜕

𝜕𝑧
(𝜆𝑧

𝜕𝑇

𝜕𝑧
) = �̇� (2.2.45) 

From here, 3 types of boundary condition are considered. 

i). When the temperature is specified as boundary condition over surface 𝑆1 

𝑇 = 𝑇∗ (2.2.46) 

ii). When the heat flux is specified as boundary condition over surface 𝑆2 

{𝑞}𝑡{𝑛} = −𝑞∗ (2.2.47) 
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Where: 

𝑇∗ : specified temperature 

 {𝑛}  : unit outward normal vector 

𝑞∗ : specified heat flux 

 

Fig. 2-4 heat flux 

 

iii). When the convection heat transfer is specified as boundary condition surface 𝑆3 

{𝑞}𝑡{𝑛} = ℎ(𝑇𝑠 − 𝑇𝑏) (2.2.48) 

Where: 

 ℎ  : specified film coefficient  

𝑇𝑠(= 𝑇)  : temperature at the surface 𝑆3 

𝑇𝑎  : specified ambient temperature 

 

Fig. 2-5 convection heat transfer 

 

Combining equation (2.2.42) with equation (2.2.47) and equation (2.2.48), 

{𝑛}𝑡[𝜆]{∇}𝑇 = 𝑞∗ (2.2.49) 

{𝑛}𝑡[𝜆]{∇}𝑇 = ℎ(𝑇𝑎 − 𝑇𝑠) (2.2.50) 

Pre-multiplying equation (2.2.43) by a virtual temperature change, integrating over the volume of 

the element, and converting with equation (2.2.49) and equation (2.2.50), 
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∫ {𝜌𝑐 𝛿𝑇 (
𝜕𝑇

𝜕𝑡
+ {𝑣}𝑡{∇}𝑇) + {∇}𝑡 𝛿𝑇[𝜆]{∇}𝑇} 𝑑𝑉

𝑉

= ∫ (𝛿𝑇𝑞∗)𝑑𝑆2
𝑆2

+∫ {𝛿𝑇ℎ(𝑇𝑎 − 𝑇)}𝑑𝑆3
𝑆3

+∫ (𝛿𝑇�̇�)𝑑𝑉
𝑉

(2.2.51)

 

Where: 

  𝑉    : volume of element 

  𝛿𝑇  : an allowable virtual temperature 

Equation (2.2.51) is the ultimate dominant equation for thermal analysis. 

 

2.2.6. Derivation of Heat flow matrices 

Firstly, the temperature is related to the nodal temperature vector by: 

𝑇 = {𝑁}𝑡{𝑇𝑒} (2.2.52) 

Where: 

  𝑇 = 𝑇(𝑥, 𝑦, 𝑧, 𝑡)     : volume of element 

  {𝑁} = {𝑁(𝑥, 𝑦, 𝑧)}   : element shape functions 

  {𝑇𝑒} =  {𝑇𝑒(𝑡)}    : nodal temperature vector of element 

Thus, the time derivatives of equation (2.2.52) and 𝛿𝑇 can be written as: 

�̇� =
𝜕𝑇

𝜕𝑡
= {𝑁}𝑡{𝑇�̇�} (2.2.53) 

𝛿𝑇 = {𝑁}𝑡{𝛿𝑇𝑒} = {𝛿𝑇𝑒}
𝑡{𝑁} (2.2.54) 

 

The combination of {∇}𝑇 is written as: 

{∇}𝑇 = {∇}{𝑁}𝑡{𝑇𝑒} = [𝐵]{𝑇𝑒} (2.2.55) 

Where: 

[𝐵] = {∇}{𝑁}𝑡 (2.2.56) 

With equation (2.2.53) through (2.2.56), equation (2.2.51) can be written as: 

∫ 𝜌𝑐{𝛿𝑇𝑒}
𝑡{𝑁}{𝑁}𝑡{𝑇�̇�}𝑑𝑉

𝑉

+∫ 𝜌𝑐{𝛿𝑇𝑒}
𝑡{𝑁}{𝑣}𝑡[𝐵]{𝑇�̇�}𝑑𝑉

𝑉

+∫  {𝛿𝑇𝑒}
𝑡[𝐵]𝑡[𝜆][𝐵]{𝑇�̇�}𝑑𝑉

𝑉

= ∫ {𝛿𝑇𝑒}
𝑡{𝑁}𝑞∗𝑑𝑆2

𝑆2

+∫ {𝛿𝑇𝑒}
𝑡{𝑁}ℎ(𝑇𝑎 − {𝑁}

𝑡{𝑇𝑒})𝑑𝑆3
𝑆3

+∫ {𝛿𝑇𝑒}
𝑡{𝑁}�̇�𝑑𝑉

𝑉

(2.2.57)

 

𝜌 is constant over the volume of the element, on the other hand, 𝑐 and �̇� will change over the 

element. Moreover, {𝑇𝑒} and {𝑇�̇�} are constant over the element, so they can be out of integral. 

Finally, equation (2.2.57) is written as: 
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𝜌∫ 𝑐{𝑁}{𝑁}𝑡𝑑𝑉{𝑇�̇�}
𝑉

+ 𝜌∫ 𝑐{𝑁}{𝑣}𝑡[𝐵]𝑑𝑉{𝑇𝑒}
𝑉

+∫  [𝐵]𝑡[𝜆][𝐵]𝑑𝑉{𝑇𝑒}
𝑉

= ∫ {𝑁}𝑞∗𝑑𝑆2
𝑆2

+∫ ℎ𝑇𝑎{𝑁}𝑑𝑆3 −∫ ℎ{𝑁}{𝑁}𝑡𝑑𝑆3{𝑇𝑒}
𝑆3𝑆3

+∫ �̇�{𝑁}𝑑𝑉
𝑉

(2.2.58)

 

To simplify this: 

[𝐶𝑡]{𝑇�̇�} + ([𝐾𝑡𝑚] + [𝐾𝑡𝑏] + [𝐾𝑡𝑐]){𝑇𝑒} = {𝑄𝑓} + {𝑄𝑐} + {𝑄𝑔} (2.2.59) 

Where typical terms are followings: 

[𝐶𝑡] = 𝜌 ∫ 𝑐{𝑁}{𝑁}𝑡𝑑𝑉
𝑉

       ∶ element specific heat matrix 

[𝐾𝑡𝑚] = 𝜌 ∫ 𝑐{𝑁}{𝑣}𝑡[𝐵]𝑑𝑉
𝑉

 ∶ element mass transport conductivity matrix 

[𝐾𝑡𝑏] = ∫  [𝐵]𝑡[𝜆][𝐵]𝑑𝑉
𝑉

      : element diffusion conductivity matrix 

[𝐾𝑡𝑐] = ∫ ℎ{𝑁}{𝑁}𝑡𝑑𝑆3𝑆3
           : element convection surface conductivity matrix 

{𝑄𝑓} = ∫ {𝑁}𝑞∗𝑑𝑆2𝑆2
                   : element mass flux vector 

{𝑄𝑐} = ∫ ℎ𝑇𝑎{𝑁}𝑑𝑆3𝑆3
             : element convection surface heat flow vector 

{𝑄𝑔} = ∫ �̇�{𝑁}𝑑𝑉
𝑉

                    : heat generation rate vector for causes other than Joule heating 

 

 

2.2.7. Derivation of damping matrices structural mass matrix 

In this simulation, transient analyze has be chosen for more accurate result rather than 

static analyze. The transient analyze should consider damping effect. The damping matrices [𝐶] 

and [𝐶𝑡𝑢] in equation (2.2.1) and (2.2.2) can be calculated by following equations. 

[𝐶] = 𝛼′[𝑀] + 𝛽′[𝐾] +
𝑓

2𝜋Ω
[𝐾] (2.2.60) 

𝛼′ : mass matrix multiplier (input by operator) 

[𝑀] : structural mass matrix 

𝛽′ : stiffness matrix multiplier (input by operator) 

[𝐾] : structural stiffness matrix 

𝑓 : constant structural damping coefficient (input by operator) 

Ω : frequency for the calculation of equivalent viscous damping 

[𝐶𝑡𝑢] = −𝑇0[𝐾𝑢𝑡] (2.2.61) 
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[𝐾𝑢𝑡] = −∫ [𝐵]𝑡[𝐷]{𝛼}[𝑁]𝑡𝑑𝑉
𝑉

  ∶ element thermoelastic stiffness matrix 

𝑇0 = 𝑇𝑟𝑒𝑓 + 𝑇𝑜𝑓𝑓   : absolute reference temperature 

𝑇𝑜𝑓𝑓 : offset temperature from absolute zero to zero 

 

2.3.  Roundness error evaluation methods 

To evaluate the roundness of the cross section of deformed liner, generally there are 4 

methods, which is Minimum Zone Circle (MZC), Least Squares Circle (LSC), Maximum 

Inscribed Circle (MIC) and Minimum Circumscribed Circle (MCC). The difference in the 

accuracy between these methods are small according to previous study,[14][15] so LSC method has 

been used in this investigation.  

 

2.3.1. LSC method  

Fig.2-6 shows the simple mechanism of LSM method. Firstly, certain center of the circle 

is set so that the sum of squares of the deviation for measured profile is minimized. Next, while 

this center is as the center coordinate of the measured profile, the inscribed circle and 

circumscribed circle is drawn. The roundness error ∆𝑅 is the difference between the radial of 

the inscribed circle 𝑅min and the radial of the circumscribed circle 𝑅max. 

 

Fig.2-6. LSC method 
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2.3.2. Calculation method 

When the center coordinate of the measured profile is expressed as (𝑎, 𝑏), the radial of 

each plot for the measured profile can be expressed as following: 

𝑅 = √(𝑥𝑖 − 𝑎)2 + (𝑦𝑖 − 𝑏)2 (2.3.1) 

Thus, the squared average of this radial is: 

𝐸 = �̅�2 =
1

𝑛
∑{(𝑥𝑖 − 𝑎)

2 + (𝑦𝑖 − 𝑏)
2}

𝑛

𝑖=1

(2.3.2) 

𝑎, 𝑏 is determined so that R is minimized, so the partial differential of 𝐸 with respect to 𝑎 and 

𝑏 should be zero.  

{
 
 

 
 𝜕𝐸

𝜕𝑎
=
1

𝑛
∑{2(𝑥𝑖 − 𝑎) ∙ (−1)}

𝑛

𝑖=1

=
2

𝑛
∑(𝑎 − 𝑥𝑖)

𝑛

𝑖=1

= 0

𝜕𝐸

𝜕𝑏
=
1

𝑛
∑{2(𝑦𝑖 − 𝑏) ∙ (−1)}

𝑛

𝑖=1

=
2

𝑛
∑(𝑏 − 𝑦𝑖)

𝑛

𝑖=1

= 0

(2.3.3) 

⇓ 

{
 
 

 
 𝑎 =

1

𝑛
∑𝑥𝑖

𝑛

𝑖=1

𝑏 =
1

𝑛
∑𝑦𝑖

𝑛

𝑖=1

(2.3.4) 

Based on these 𝑎 and 𝑏, 𝑅max and 𝑅min can be determined easily using python code. Then 

the roundness error can be expressed as following: 

∆𝑅 = 𝑅max − 𝑅min (2.3.5) 
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Chapter 3. Validating simulation model 

3.1. The physical engine 3D model 

The physical engine model is based on NISSAN CA18 engine which is used by Hitosugi H 

to investigate liner deformation experimentally.[7] This is a water-cooled, 4-stroke, in line 4-

cylinder gasoline engine, with total displacement of 1809cc and bore  ×  stroke = 83mm  ×

 83.6mm.[7] The cylinder block is made of gray cast iron and the head is made of aluminum alloy. 

The liner has dry liner structure, 80𝜇m clearance toward cylinder inner wall and made of 1.6mm 

thickness gray cast iron.[7] The physical 3D model is shown below Fig.3-1 and same model without 

head for visualization of the other components structure. This assemble model consist of seven 

components, which are four bolts, liner, cylinder block and head. This model is focused on just 

only 1st and half of 2nd cylinder, because 1st or 4th cylinder liner deformation would be larger more 

unsymmetric than 2nd or 3rd cylinder liner deformation due to the unsymmetric thermal load as 

shown Fig.3-3. Especially, the deformation or distortion of the Siamese (Rear) side could be crucial 

because of no water jacket path. 

 

   Fig.3-1 physical model with head         Fig.3-2 physical model without head 

 

Fig.3-3 physical model focusing on only 1st and half of 2nd Cylinder 
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3.2. Adoptive meshing 

Meshing is very important to get accurate result for FEM. This means high density mesh is 

better for simulation but that also takes more computation time. Thus, the adoptive meshing, not 

too fine or too rough, is required. Fig.3-4 shows the computation time to solve it and the average 

difference from 1 million nodes mesh result while the meshing is changed variously. From this 

result, the 246274 nodes and 130575 elements can be judged as adoptive mesh for this model. 

Moreover, as shown in Fig.3-1, mesh density is higher especially in the contact region between 

the components like head and bolts. This is general and efficient approach to produce adoptive 

mesh. With this approach, saving the number of nodes and computation time while keeping 

accuracy. This research needs many times of calculation, so computation time should be as less as 

possible. Furthermore, these all calculations are calculated in the cluster computer, which is chosen 

to use 8 processor parallelly. 

 

Fig.3-4 adoptive meshing test 

 

3.3. Structural boundary condition 

3.3.1. Contact definition between components 

In the ANSYS MECHANICAL, five types of contact definition can be selected, which is 

bonded, frictional, frictionless, rough and no separation. Generally, frictional is set for almost 

every contact region definition. There are three exceptions of this. Firstly, the contacts between 

head and cylinder block top face, head and liner top face are set as bonded because of the gasket. 

In the test engine, there is the gasket between them to seal the combustion area, so bonded is the 
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best for this contact definition in this simulation model. Secondly, the contact between the liner 

and the cylinder block is set as frictionless because there is 80𝜇m clearance between them in the 

test engine. Finally, the contacts between 4 bolts and cylinder block are set as bonded while the 

contacts region about the other bolts face and other components are frictional. Fig.3-5 shows the 

comparison with the bolt used in the test engine and the bolt used in the physical model. (a) in 

Fig.3-5 is the semi-thread M10 bolt picture generally used in the engine and (b) in the Fig.3-5 is 

the physical model of the bolt and (c) shows the contact definition for each contact regions. 

According to Montgomery J [15] the thread of the bolt physical model does not need to get accurate 

result in the general FEM. Instead of that, the contact definition for thread region should be set as 

bonded like (c) in Fig.3-5 because that face is fixed due to the threads.  

 

Fig.3-5 physical model of the bolt 

 

3.3.2. Bolt pretension load 

The bolts pretension load caused by assembling and tightening the bolts is applied in this 

simulation model for more accurate structural load and results. This pretension load is preload 

boundary condition so this load is applied in the first physical time step in this transient analysis. 

The applied value of the pretension load is calculated by hand based on the following general 

equation 

𝑇 = 𝑘𝑑𝐹 (3.1) 

Where: 

𝑇 : bolt tightening torque [N ∙ m] 

𝐹 : bolt pretension load [N] 

𝑑 : bolt diameter [m] 

𝑘 : torque coefficient [−] 

Generally, the torque coefficient is 0.2 and the bolt diameter is 0.01m. according to JIS bolt 
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tightening standards,[17] the tightening torque is 44N ∙ m . Based on equation (3.1), the bolt 

pretension load is calculated following: 

𝐹 =
𝑇

𝑘𝑑
=

44

0.2 × 0.01
= 22000[𝑁] (3.2) 

This value is applied for each 4 bolts pretension load as boundary condition. 

 

3.4. Thermal boundary condition 

In this simulation model, the liner deformation is calculated by structural and simple thermal 

load without combustion phenomenon, because this simulation model is based on the experimental 

data under 4000rpm full load condition conducted by Hitosugi H et al and that investigation data 

shows just temperature data and deformation data without detail combustion information.[7] Due 

to this no reference data about combustion, this simulation model is calculated by only structural 

and thermal load. However, this has the benefits which are saving computation time and 

simplifying simulation model. Moreover, the next chapter 4 indicates that this simulation without 

combustion phenomenon is enough accurate to evaluate the roundness error of the liner, which is 

the most important value for this investigation.   

 

3.4.1. Temperature condition 

In this simulation model, the temperature of the liner inner wall and 2nd cylinder inner wall 

is fixed as boundary condition based on the experimental data by Hitosugi H et al.[7] Moreover, 

the temperature of the liner and cylinder block is considered to be distributed along the depth, so 

the physical model of the liner and cylinder block is divided into 5 parts along the depth direction, 

which are top-10mm, 10mm-50mm, 50mm-80mm, 80mm-90mm, 90mm-bottom, and applied 

different temperature in each depth area. Fig.3-6 and Fig.3-7 show the applied temperature 

distribution of them as boundary condition for each depth area and it is shown that the temperature 

is applied simply so that the deeper the depth from the top deck is, the lower the average 

temperature is. The temperature from 90mm depth to the bottom of them is not applied as boundary 

condition, because the piston-stroke of this engine model is 83.6mm.  

The initial temperature and reference temperature must be applied as boundary condition 

for this calculation, because the thermal strain is calculated based on this value (written in chapter 

2). These temperatures generally must be same and set to be 22℃ as default, but these are set 85℃ 

in this simulation model. This is because exclude the extra liner deformation from this calculation. 

The engine components near the combustion area are manufactured considered to be deformed by 

thermal load. For example, the top face diameter of the piston head is smaller than the bottom face 

diameter of that in the room temperature so that the piston head shape is proper cylinder in 

combustion temperature. This structure is built considering that the top face diameter of that would 

be expand bigger than the bottom face diameter of that, because the top of that has higher 

temperature than the bottom of that. Considering this example and similar structure of other engine 
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components, the liner deformation measured after the engine is run for a whole and get warmed. 

This is why, the extra deformation must be excluded and reference and initial temperatures are set 

to 85℃. 

 

Fig.3-6 applied liner inner wall temperature as boundary condition 

 

Fig.3-7 applied 2nd cylinder inner wall temperature as boundary condition 

 

3.4.2. Convection heat transfer condition  

Fig.3-8 shows the cooling water path in the physical 3Dmodel of the engine. In this 

simulation, the convection heat transfer coefficient and ambient (cooling water) temperature must 

be specified for the water jacket path wall as boundary condition. Generally, the cooling water 

temperature is around 80℃~90℃, so 85℃ is set as boundary condition. Karamangil MI et al [18] 

investigated the parameter of cylinder and jacket side convective heat transfer coefficients using 

very similar gasoline engine to the test engine of Hitosugi H et al.[7] Fig.3-9 is a part of results 

estimated by Karamangil MI et al.[18] Fig.3-9 shows the convection heat transfer coefficient 
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between cylinder block jacket path wall and cooling water under 4000rpm full load condition is 

estimated to around 7500W/m2K, so the coefficient is set to 7500W/m2K against all the surface of 

jacket path. 

 

Fig.3-8 cooling water jacket path 

 

 
Fig.3-9 convection heat transfer coefficient in various engine speed 
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Chapter 4. Validation result 

4.1. Bolt stress by pretension load 

Fig.4-1 shows the simulation result of stress and strain caused by only bolt pretension load. 

This result is just after first physical time step of transient analysis, when only the bolt pretension 

load is applied to simulate assembling load. This result is very similar to the bolt pretension load 

simulation result conducted by J Montgomery,[16] so the bolt pretension load can be judged to be 

validated sufficiently. 

 

Fig.4-1 the equivalent stress caused by bolt pretension load 

 

4.2. Temperature distribution 

Fig.4-2 shows comparison result between the temperature distribution of simulation and that 

of experiment conducted by Hitosugi H et al. [7] These temperatures are all at the 10mm depth 

from the top deck. Both comparison result of the liner temperature and cylinder block 

temperature are very similar. Moreover, Fig4-3 shows the 3D simulation temperature distribution 

of all physical model of the liner and cylinder block. The temperature in Siamese side of both of 

the liner and cylinder block are higher than other sides because of no cooling water jacket path. 

Thus, this temperature boundary condition can be judged to be validated sufficiently. 
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Fig.4-2 comparison between simulation temperature and experimental temperature  

 

Fig.4-3 temperature distribution of liner and cylinder block by simulation 



- 26 - 

 

4.3. Bore deformation of Cylinder Liner 

Fig.4-4 shows the comparison result between experimental liner deformation and simulation 

liner deformation on both of 10mm depth from top deck and 90mm depth from top deck. 

Generally, this kind of validation such as deformations, it is important to fit both of the values 

like roundness error and the deformation trend. As shown in Fig.4-4, the deformed bore of 

simulation and that of experiment have almost same deformation trend, and the value of average 

difference between simulation bore and experimental bore ∆𝑟̅̅ ̅ calculated based on equation 

(4.1) is less than 7𝜇m. This is enough to evaluate roundness error of deformed liner bore. The 

accuracy of roundness error is calculated based on equation (4.2). That accuracy is around ±15%. 

Fig.4-5 shows the 500 times scale total deformation of the liner and cylinder block to see the 

deformation trend of them easily. 

 

Fig.4-4 comparison between liner deformations of simulation and that of experiment  

∆𝑟̅̅ ̅ =
1

𝑛
∑(𝑟𝑒𝑥𝑝,𝑖 − 𝑟𝑠𝑖𝑚,𝑖)

𝑛

𝑖=1

(4.1) 

𝑅𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
|𝑅𝑠𝑖𝑚 − 𝑅𝑒𝑥𝑝|

𝑅𝑠𝑖𝑚
× 100 (4.2) 

∆𝑟̅̅ ̅ : average difference between simulation bore and experimental bore [𝜇m] 

𝑟𝑒𝑥𝑝,𝑖 : radius of deformed liner in the experiment [𝜇m] 

𝑟𝑠𝑖𝑚,𝑖 : radius of deformed liner in the simulation [𝜇m] 

𝑅𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦: error range (accuracy) of roundness error [%] 

𝑅𝑒𝑥𝑝 : roundness error of deformed liner in the experiment [𝜇m] 
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𝑅𝑠𝑖𝑚 : roundness error of deformed liner in the simulation [𝜇m] 

 

Fig.4-5 total deformation of the cylinder and liner (deformation scale × 500) 

 

4.4. Physical time of transient analysis 

Fig.4-6, 4-7, 4-8, 4-9 show the convergence of temperature distribution and deformation for 

the liner and cylinder block in physical time. In these figures, green plot, blue plot and red plot 

express the maximum value, average value and minimum value in the 3D-physical model 

respectively. From these convergence results, every temperature and deformation is converged 

until 15 second. This means that 15 second is quite enough for the physical time in this transient 

analysis model. So physical time is set to 15 seconds for this simulation model. 

 

Fig.4-6 convergence of cylinder block deformation 
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Fig.4-7 convergence of cylinder block temperature 

 
Fig.4-8 convergence of liner deformation 

 

Fig.4-9 convergence of liner temperature 
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Chapter 5. The bore deformation result while changing material 

property and temperature 

5.1. The effect on liner bore deformation while changing material property 

Based on the physical theory, the potential material properties to affect the bore deformation 

of the liner are thermal expansion coefficient (TEC), thermal conductivity, Young’s modulus and 

Poison’s ratio. In this section, it is indicated that the most affectable parameter among these 4 

material properties, which is investigated by this simulation model.  

In order to investigate the most affectable material property on this bore deformation of the 

liner and roundness of that, the bore deformations are simulated while only each a parameter of 

TEC, thermal conductivity, Young’s modulus, Poisson’s ratio are changed by small value, and the 

other parameters are kept same. The gray cast iron is applied for the liner material in this validated 

simulation model, so basically these operated material properties are operated in the range which 

is possible to achieve that property with recent metal materials or alloy materials.  

Fig.5-1 through Fig.5-5 shows the roundness error and average displacement amount of bore 

radius in each 10mm, 50mm, 80mm, 90mm depth of the liner while changing only the TEC, 

thermal conductivity, Young’s modulus, Poisson’s ratio of the liner material properties. The 

average displacement amount of bore radius is calculated by equation (5.1). 

∆𝑟̅̅ ̅ =
1

𝑛
∑∆𝑟𝑖

𝑛

𝑖=1

(5.1) 

Where:  

∆𝑟̅̅ ̅ : average displacement amount of bore radius 

𝑛  : number or plots 

∆𝑟𝑖 : displacement amount of bore radius in arbitrary plot 𝑖 

 It is possible to judge the overall deformation is expanding or shrinking with this value. As 

these results, TEC is the most affectable material property on the bore deformation. Overall, the 

higher the TEC is, the higher the roundness error of the liner are with a small maximum value 

around zero. The cause of this maximum value is seemed to be transition of the whole deformation 

from expansion to shrinkage due to the negative TEC. On the other hand, there is the minimum 

value of roundness error between the range of zero and 5 [106/℃]. This could be the key to reduce 

the roundness error of cylinder liner bore in the engine operation. Moreover, Young’s modulus and 

Poisson’s ratio don’t affect on the bore deformation of the liner, and the higher a little the thermal 

conductivity is, the higher both of the roundness error and average displacement amount of bore 

radius of the liner are.  

Fig.5-6 through Fig.5-9 shows the roundness error and average displacement amount of bore 

radius in each 10mm, 50mm, 80mm, 90mm depth of the liner while changing only the TEC, 
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thermal conductivity, Young’s modulus, Poisson’s ratio of the cylinder block material properties. 

The result is almost same as those result of the liner, but there is no maximum value when the TEC 

is changing. Furthermore, it is indicated that the influence on the bore deformation by changing 

TEC of the liner is bigger than that of the cylinder block. 

 

Fig.5-1 Roundness error while changing TEC of the liner 

 

Fig.5-2 Average delta radius while changing TEC of the liner 
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Fig.5-3 Roundness error and average delta radius  

while changing thermal conductivity of the liner 

 

Fig.5-4 Roundness error and average delta radius  

while changing Young’s modulus of the liner 
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Fig.5-5 Roundness error and average delta radius  

while changing Poisson’s ratio of the liner 

 

Fig.5-6 Roundness error and average delta radius  

while changing TEC of the cylinder block 
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Fig.5-7 Roundness error and average delta radius  

while changing thermal conductivity of the cylinder block 

 

Fig.5-8 Roundness error and average delta radius  

while changing Young’s modulus of the cylinder block  
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Fig.5-9 Roundness error and average delta radius  

while changing Poisson’s ratio of the cylinder block 

 

5.2. The bore deformation in various temperature scale with unique thermal 
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Mounet N et al is based on density functional perturbation theory calculation, so this is a 

calculated estimation and could not be precise rather than measurement. On the other hand, the 

TEC estimated by Duhee Y et al is measured using Raman spectroscopy in 2011. Furthermore, 

Shibing T the free-standing TEC estimated more reliable TEC by measurement considering the 

mismatch of TEC between graphene and substrate in 2016. Fig.5-10 shows temperature 

dependency of those TEC properties in temperature range of engine operation. Each three 

properties are very unique, for example, one has a minimum value and other is changing from 

negative to positive. Due to these uncertainty and variety of those estimation, all of these three 

properties are applied as TEC of liner material in the simulation and investigate the effect on 

bore deformation of the liner. 

Fig.5-11 shows the comparison result of roundness error and average displacement amount 

of bore radius in each 10mm, 50mm, 80mm, 90mm depth of the liner with various three TEC 

conditions. Comparing the result of gray cast iron, roundness error of simulations by three TEC 

conditions are reduced especially in 50mm depth from top deck. This cause is seemed that TEC 

is very close to zero in temperature range of engine operation, from 400K to 500K. The 

simulations with TEC estimated by Mounet N et al and Duhee Y et al get lower roundness error 

value than that of Shibing T’s but average displacement amount of bore radius is too negative. 

This means averagely the bore of the liner is shrinking so this leads also increase of lubrication 

oil consumption. On the other hand, as a result simulated with TEC estimated by Shibing T et al, 

average displacement amount of bore radius is almost near to zero. This means bore is averagely 

not expanding or shrinking. This result indicates that TEC like Shibing T’s estimation is seemed 

to be the most optimal value for cylinder liner material to reduce lubrication oil consumption.  

Therefore, the graphene has interesting potential to improve the conformability between 

cylinder liner and piston by reducing roundness error of bore deformation. This estimation would 

be a key to produce a new alloy material or alloy material concept. 
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Fig.5-10 Unique thermal expansion coefficient estimated by recent study 

  

Fig.5-11 Roundness error and average delta radius  

with unique TEC parameter of the liner (Temperature scale is 1.0) 
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5.2.2. The bore deformation in various temperature condition 

Section 5.2.1 shows the result simulated 4000rpm full load temperature condition 

(temperature scale is 1.0). In this section 5.2.2, it is written that how the bore deformation will 

change when temperature condition is changed.  

In order to change temperature condition while keeping the validity of this simulation 

model, all of applied temperature value as boundary condition is multiplied by temperature scale, 

which is from 0.95 to 0.7. Fig.5-12 through Fig.5-17 show the temperature distribution of liner 

and cylinder block with that of experiment conducted by Hitosugi H et al. In the experimental 

data of these figure, temperature distribution in the condition of 2000rpm 1/4 load, which is 

approximately the engine operation when standard cars are driven normally, is also show. As 

shown in Fig.5-16. The simulated temperature distribution is quite similar to experimental 

temperature data in the condition of 2000rpm 1/4 load when temperature scale is 0.75. Thus, this 

method to operate simulated temperature condition is still valid. 

Next, in the same way as section 5.2.1, roundness error and average displacement amount of 

bore radius when the temperature scale is changed are investigated. Fig.5-18 through Fig.5-25 

show the results simulated with various TEC in various temperature scale, and Fig.1 through 

Fig.28 show the deformation trend of those. As a simulation result with gray cast iron, the lower 

the temperature scale is, the lower the roundness error is getting slightly as shown in Fig.5-18 

and Fig.5-19. As a simulation result with TEC estimated by Mounet N et al, it is found that 

roundness error can be reduced especially in bottom of the liner like 90mm depth from top deck 

when temperature scale is lower as shown in Fig.5-20 and Fig.5-21. Additionally, roundness 

error is converged to certain value in 80mm and 90mm depth from top deck when temperature 

scale is lower, but not converged in 10mm depth from top deck. This difference is probably 

because head cramping force. On the other hand, the average displacement amount of bore 

radius is getting bigger constantly while temperature scale is getting lower because of negative 

value of TEC in all temperature range of engine operation. Fig.5-22 and Fig.5-23 show the 

simulation result with TEC estimated by Duhee Y et al. Both results of roundness error and 

average displacement amount of bore radius have very similar tendency to that of Mounet N et 

al. This would be due to same aspect that negative value of TEC in all temperature range of 

engine operation. Fig.5-24 and Fig.5-25 show the simulation result with TEC estimated by 

Shibing T et al. While temperature scale is changing to lower, the roundness error in 10mm depth 

from top deck is getting lower remarkably, but that in bottom of the liner keeps constant. This is 

probably due to the lower temperature in bottom of the liner comparing top deck temperature. 

This also means that the liner material having the TEC like Shibing T’s estimation can be 

possible to reduce remarkably lubrication oil consumption from top deck rather than bottom of 

cylinder especially lower engine speed temperature condition like standard drive. Furthermore, 

this can prevent blow back, which is gas leakage from crankcase toward combustion chamber. 
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Fig.5-12 

 

Fig.5-13 
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Fig.5-14 

 

Fig.5-15 
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Fig.5-16 

 

Fig.5-17 



- 41 - 

 

 

Fig.5-18 Roundness error in various temperature scale condition  

using gray cast iron 

 

Fig.5-19 Average delta radius in various temperature scale condition 

using gray cast iron 

50

55

60

65

70

75

80

85

90

0 10 20 30 40 50 60 70 80 90 100

R
o

u
n

d
n

es
s 

er
ro

r 
[μ

m
]

Depth from top deck [mm]

T_scale=1

T_scale=0.95

T_scale=0.9

T_scale=0.85

T_scale=0.8

T_scale=0.75

T_scale=0.7

5

10

15

20

0 10 20 30 40 50 60 70 80 90 100

A
v

er
a

g
e 

Δ
r 

[μ
m

]

Depth from top deck [mm]

T_scale=1

T_scale=0.95

T_scale=0.9

T_scale=0.85

T_scale=0.8

T_scale=0.75

T_scale=0.7



- 42 - 

 

 

Fig.5-20 Roundness error in various temperature scale condition  

using TEC estimated by Mounet N 

 

Fig.5-21 Average delta radius in various temperature scale condition  

using TEC estimated by Mounet N 
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Fig.5-22 Roundness error in various temperature scale condition  

using TEC estimated by Dohee Y 

 

Fig.5-23 Average delta radius in various temperature scale condition  

using TEC estimated by Dohee Y 
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Fig.5-24 Roundness error in various temperature scale condition  

using TEC estimated by Shibing T 

 

Fig.5-25 Average delta radius in various temperature scale condition  

using TEC estimated by Shibing T
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Chapter 6. Conclusion 

In this work, 3D physical model of 4-cylinder, 4-stroke gasoline engine was built and 

the simulation model for bore deformation of cylinder liner was constructed using 3D-CAE 

software, ANSYS MECHANICAL. With this original model, various simulations were 

conducted and these following conclusions was obtained. 

 The most affectable material property on bore deformation of the liner is TEC. 

 There is a peak of roundness error of the liner around zero while changing TEC of the liner. 

 The influence by TEC of the cylinder block on bore deformation is bigger than that of the 

liner. 

 The material having negative thermal expansion coefficient like graphene has remarkable 

potential improve the conformability between cylinder liner and piston. 

 Especially, in lower engine speed condition, there is bigger potential to improve the 

conformability between cylinder liner and piston. 
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Appendix 

 

Fig.1 temperature scale is 1.0 using gray cast iron 

 

 

Fig.2 temperature scale is 0.95 using gray cast iron 
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Fig.3 temperature scale is 0.9 using gray cast iron 

 

 

Fig.4 temperature scale is 0.85 using gray cast iron 
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Fig.5 temperature scale is 0.8 using gray cast iron 

 

 

Fig.6 temperature scale is 0.75 using gray cast iron 
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Fig.7 temperature scale is 0.7 using gray cast iron 

 

 

Fig.8 temperature scale is 1.0 using TEC estimated by Mounet N 
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Fig.9 temperature scale is 0.95 using TEC estimated by Mounet N 

 

 

Fig.10 temperature scale is 0.9 using TEC estimated by Mounet N 
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Fig.11 temperature scale is 0.85 using TEC estimated by Mounet N 

 

 

Fig.12 temperature scale is 0.8 using TEC estimated by Mounet N 
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Fig.13 temperature scale is 0.75 using TEC estimated by Mounet N 

 

 

Fig.14 temperature scale is 0.7 using TEC estimated by Mounet N 
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Fig.15 temperature scale is 1.0 using TEC estimated by Dohee Y 

 

 

Fig.16 temperature scale is 0.95 using TEC estimated by Dohee Y 
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Fig.17 temperature scale is 0.9 using TEC estimated by Dohee Y 

 

 

Fig.18 temperature scale is 0.85 using TEC estimated by Dohee Y 
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Fig.19 temperature scale is 0.8 using TEC estimated by Dohee Y 

 

 

Fig.20 temperature scale is 0.75 using TEC estimated by Dohee Y 
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Fig.21 temperature scale is 0.7 using TEC estimated by Dohee Y 

 

 

Fig.22 temperature scale is 1.0 using TEC estimated by Shibing T 
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Fig.23 temperature scale is 0.95 using TEC estimated by Shibing T 

 

 

Fig.24 temperature scale is 0.9 using TEC estimated by Shibing T 
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Fig.25 temperature scale is 0.85 using TEC estimated by Shibing T 

 

 

Fig.26 temperature scale is 0.8 using TEC estimated by Shibing T 
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Fig.27 temperature scale is 0.75 using TEC estimated by Shibing T 

 

 

Fig.28 temperature scale is 0.7 using TEC estimated by Shibing T 

 


