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Abstract 

 

The internal combustion engine (ICE) converts fuel’s chemical energy into 

a usable form. However, it only converts one-third of the total chemical energy. 

The rest of energy is wasted in the form of heat transfer to cylinder walls and 

exhaust losses. Engine efficiency can be enhanced by reducing the heat transfer 

from gas to cylinder walls. Engine efficiency has received attention from 

academia and the vehicle industry in recent years as the regulations on CO2 

emission have strengthened. An improvement in engine efficiency means the 
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ICE can convert more energy from the same amount of the fuel and less CO2 

emission. 

To reduce the in-cylinder heat transfer and to improve the engine fuel 

conversion efficiency, the concept of changing the stroke-to-bore ratio was 

studied. A GT-Power based 1D engine model to check the in-cylinder heat 

transfer characteristic was developed and evaluated. Engine geometry was 

assumed as a simple cylinder and Woschni correlation was adopted to predict 

the convection heat transfer coefficient. A comparison of the convection heat 

transfer coefficient with 3D simulation was also performed to verify the 

accuracy of Woschni correlation. 
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Chapter 1. Introduction 

1.1  Background 

Recently, the regulations on vehicle emissions and fuel economy have 

intensified to reduce the harmful emissions and oil consumption. To reduce the 

vehicle emissions like nitrogen oxide (NOx) or PM, additional components to 

handle the emissions are needed. These components require different control 

strategies and sometimes it deteriorates the fuel economy. However, by means 

of preserving the environment and saving the oil deposit, using these additional 

components became inevitable and the fuel economy became a major focus. 

Since the basic principle of the ICE is to convert fuel’s chemical energy 

into a usable form of energy, the conversion efficiency is important. However, 

it is only effective for the one-third of the total chemical energy. The Rest of 

the energy is wasted in the form of heat transfer to cylinder walls and exhaust 

losses. By reducing theses heat transfer from gas to cylinder walls, the engine 

efficiency can be enhanced. An improvement in the engine efficiency means 

the ICE can convert more energy from the same amount of fuel and less CO2 

emission. As the CO2 emission regulation is becoming stricter, the engine 

efficiency is gaining a popular interest. Especially in South Korea, the CO2 

emission should be reduced up to 30% until 2020 [1].  

There exist many possible solutions to enhance the engine efficiency and 

to reduce the emissions; for example, advanced valve management systems, 

WHR, or micro-hybridization [2]. However, these technologies or concepts 
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need extra equipment or different combustion strategies as mentioned above. 

In this paper, the concept of changing the combustion chamber will be 

discussed as a way of improving the engine efficiency. More in detail, the 

stroke-to-bore ratio (S/B ratio) was selected as a means of reducing the in-

cylinder heat transfer from gas to walls, especially during combustion phase 

where the temperature of the cylinder is the highest among the whole cycle. 

Reducing the heat transfer during the combustion phase can reduce the total 

heat transfer. 

In the ICE, heat transfer occurs through convection and radiation. In the 

SI engine, the radiation heat transfer portion is not large unlike that of the CI 

engine. Therefore, the radiation heat transfer can be neglected and the 

convection heat transfer is considered [3]. To calculate the engine heat transfer 

during the combustion phase, a GT-Power based 1D engine model was 

developed and used to observe the in-cylinder heat transfer focused on 

convection. To numerically analyze the convection heat transfer, Woschni 

correlation was used to calculate the heat transfer coefficient and it was verified 

by comparing the heat transfer rate with the 3D simulation results.   
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1.2  Previous Research 

The S/B ratio changes the combustion chamber geometry and the sub-

parameters which affect the heat transfer and the combustion of an engine. 

Generally, it is known that the larger S/B ratio engine has a higher thermal 

efficiency and the smaller S/B ratio engine has a higher power density [4]. The 

changes of S/B ratio also vary the piston-liner friction and the friction is 

approximately in proportion to the S/B ratio [5].  

The surface area-to-volume ratio is the most frequently mentioned factor 

affecting the engine heat transfer [4, 6]. The surface area-to-volume ratio is 

regarded as the reason for the higher efficiency of the larger S/B ratio engine.  

The surface area-to-volume ratio varies as the crank angle changes and figure 

1.1 shows the surface-area-to-volume ratio through crank angle of three 

different S/B ratio cases. As shown in figure 1.2, the area-to-volume ratio of the 

small S/B ratio engine shows the larger difference than that of the large S/B 

ratio case. The surface area-to-volume ratio was calculated at a fixed 

displacement volume of the 500cc condition and the combustion chamber 

geometry was considered as a simple cylinder. 

Filipi et al. [7] conducted a simulation and analyzed the effect of the 

stroke-to-bore ratio on combustion, heat transfer and efficiency of SI engine. 

By comparing different S/B ratio engines, they showed that increasing the S/B 

ratio have advantages in thermal efficiency. Ikeya et al. [8] achieved the brake 

thermal efficiency of 45% at SI engine by utilizing the concept of larger S/B 

ratio, effective compression ratio and EGR. Kermani et al. [9] tested the effect 
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of bore-to-stroke ratio on a diesel engine and they concluded that the bore-to-

stroke ratio 0.9~0.95 (S/B ratio 1.05~1.1) shows the best performance. And 

Nishida et al. [10] utilizes the concept of small bore diesel engine combustion 

and achieved a 2.5% fuel consumption reduction and a 10% NOx emission 

reduction. The effect of changing the S/B ratio by simply extending the stroke 

via utilizing multiple linkage crankshaft was also studied by Tsuchida et al. [11] 

and Kentfield. [12] They both concluded that the extended stroke can enhance 

the fuel economy. However, Vassallo et al. [13] concluded that the “square 

design” which S/B ratio equals unity shows the best performance when the 

specific power rating and low-end torque was considered. 

The change of S/B ratio not only affect heat transfer but also the turbulent 

kinetic energy. Yoo [14] studied the effect of stroke changes to turbulent kinetic 

energy and concluded that the long stroke engine has a higher turbulent 

intensity at all crank angles, which might affect the combustion and heat 

transfer. 

The effect of the S/B ratio has received focus nowadays by means to 

reduce the fuel consumption. However, the previous research only focused on 

changing the S/B ratio while keeping the bore size constant and their 

conclusions are confused. Therefore, a precise and detailed study is required to 

exactly compare the effect of changing the S/B ratio at a fixed displacement 

volume. 
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Figure 1.1 Surface area through S/B ratio near TDC (Fixed 

displacement volume: 500cc) 

 

Figure 1.2 TDC Surface Area Ratio (Fixed displacement volume: 

500cc)  
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1.3  Objective 

The objective of this work is to study the potential of changing the S/B 

ratio on heat transfer. Generally, it is known that the long stroke engine (S/B 

ratio is over than unity) has the advantage in thermal efficiency. As calculated 

above, the surface area-to-volume ratio decreases as the S/B ratio increases. 

However, the changed combustion chamber geometry also affects other 

parameters which vary the convection heat transfer. Increased stroke length 

affects the mean piston speed and the fluid motion of intake gases. This 

increased mean piston speed might affect the turbulent velocity and the heat 

transfer coefficient will be increased.  

The total amount of heat transfer to the walls can be determined by 

summarizing these changed effects. At a large S/B ratio case, decreased surface 

area-to-volume ratio and faster burning will reduce the total heat transfer during 

the combustion phase. However, the enlarged heat transfer coefficient may 

increase the total heat transfer. By analyzing the heat transfer and its sub-

parameters, the effect of changing the S/B ratio on heat transfer to walls can be 

determined and by using these results it is possible to find the optimum S/B 

ratio. 
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Chapter 2. Model Description 

2.1  Model Overview 

In this study, a GT-Power base 1D engine model was constructed. The 2L 

gasoline engine has been chosen to provide the geometric data and experimental 

data to construct and validate a more realistic 1D engine model. The 

specifications of the target engine are in table 2.1. 

To describe the real engine operation, sub-models for calculating the 

combustion and heat transfer were included in the model. A detailed 

explanation for each sub-model will be followed in the next chapter. 

 

Table 2.1 Engine Specifications 

Category Engine Spec. 

Engine type Gasoline MPI engine 

# of Cylinders 4 

Displacement [cc] 1,998 

Bore [mm] Χ Stroke [mm] 86 Χ 86 

Con. Rod [mm] 149 

Compression Ratio 10.5 
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2.2  Combustion Model 

Combustion model in the 1D engine model is for calculating the 

combustion characteristics during an engine operation. The basic concept is the 

two-zone combustion model. Because the SI engine burns its fuel and air 

mixture as propagation flame, which divides the burned zone and unburned 

zone. Although the pressures of burned zone and unburned zone are the same, 

the temperatures of each zone have different values. Moreover, the burned zone 

expands as the combustion is progressed and its contact area with the engine 

parts changes. Because of these changed gas contact area and different 

temperature, it is more accurate to calculate the combustion and its heat transfer 

with the two-zone combustion model. 

The change of the flame speed and the turbulent intensity due to S/B ratio 

were also considered. The equations for estimating both the flame speed and 

the turbulent intensity are below. Equation 2.1 is used to estimate the laminar 

flame speed [15] and equation 2.2 is for the turbulent flame speed [16]. A zero-

dimensional energy cascade is used to estimate the turbulent intensity and 

equation 2.3 is used to estimate the turbulent intensity [17]. 

𝑆𝑆𝐿𝐿 = 𝑆𝑆𝐿𝐿,0 �
𝑇𝑇

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
�
𝛼𝛼
� 𝑝𝑝
𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

�
𝛽𝛽

(4.706𝑥𝑥𝑟𝑟2 − 4.062𝑥𝑥𝑟𝑟 + 1)   (2.1) 

α = 5.652 + 13.302ϕ − 63.62𝜙𝜙2 + 85.631𝜙𝜙3 − 51.946𝜙𝜙4 + 14.93𝜙𝜙5 − 1.657𝜙𝜙6 

β = −8.536 + 29.217ϕ − 40.126𝜙𝜙2 + 26.461𝜙𝜙3 − 8.3848𝜙𝜙4 + 1.0228𝜙𝜙5 

𝑆𝑆𝐿𝐿,0 = 1.76 exp �0.111𝑎𝑎𝑎𝑎𝑎𝑎(𝜙𝜙 − 1.097)5 − 𝑒𝑒𝑥𝑥𝑒𝑒�−2.687(𝜙𝜙 − 1.097)�

− 2.687(𝜙𝜙 − 1.097)� 
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𝑆𝑆𝑇𝑇 = 𝑆𝑆𝐿𝐿 �1 + 𝐴𝐴(𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠. ) ∗ (𝑡𝑡𝑠𝑠𝑡𝑡𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠. ) ∗ (𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎. 𝑒𝑒𝑠𝑠𝑠𝑠. ) ∗ �𝑢𝑢
′

𝑆𝑆𝐿𝐿
�
5
6�
�  (2.2) 

𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒 𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑡𝑡 = �1 − exp �−
𝑡𝑡𝑓𝑓
𝑙𝑙
��

0.5
 

𝑡𝑡𝑠𝑠𝑡𝑡𝑒𝑒 𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑡𝑡 = �1 − exp �−
𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆
𝜏𝜏
��

0.5

 

𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒 𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑡𝑡 = �
𝑡𝑡′

𝑡𝑡′ + 𝑆𝑆𝐿𝐿
�
0.5

 

 

𝐾𝐾 = 1
2
𝑡𝑡𝑉𝑉𝑖𝑖2, 𝑘𝑘 = 1

2
𝑡𝑡𝑡𝑡′2      (2.3) 

𝑑𝑑𝐾𝐾
𝑑𝑑𝑡𝑡

=
1
2
�̇�𝑡𝑖𝑖𝑉𝑉𝑖𝑖2 − 𝑃𝑃 − 𝐾𝐾

�̇�𝑡𝑒𝑒

𝑡𝑡
,

𝑑𝑑𝑘𝑘
𝑑𝑑𝑡𝑡

= 𝑃𝑃 − 𝑡𝑡𝑚𝑚 − 𝑘𝑘
�̇�𝑡𝑒𝑒

𝑡𝑡
+ 𝐶𝐶𝛾𝛾𝑘𝑘

�̇�𝜌
𝜌𝜌

 

𝑚𝑚 ≈ 𝑢𝑢′
3

𝑙𝑙
=

𝑆𝑆𝛼𝛼�
2𝑘𝑘
3𝑚𝑚�

3 2�

𝑙𝑙
, 𝑃𝑃 = 𝜇𝜇𝑡𝑡 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2
≈ 𝐶𝐶𝛽𝛽𝐾𝐾 �

𝑘𝑘
𝑚𝑚
�
0.5
� 𝑙𝑙
𝐿𝐿2
�,  𝑡𝑡′ = �2𝑘𝑘

3𝑚𝑚
�
1
2�  

 

K  Mean kinetic energy 

k  Turbulent kinetic energy 

m  Trapped mass inside cylinder 

𝑽𝑽𝒊𝒊  Mean flow velocity into the cylinder 

u’  Turbulent intensity 

�̇�𝒎𝒊𝒊  Mass induction rate through the intake valve 

�̇�𝒎𝒆𝒆  Mass outflow rate through the exhaust valve 

𝛆𝛆  Turbulence dissipation rate per unit mass 

P  Turbulence energy production rate 

𝑪𝑪𝜶𝜶,𝑪𝑪𝜷𝜷,𝑪𝑪𝜸𝜸 Constants 

𝒍𝒍  Integral length scale 

L  Geometric length scale 
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Figure 2.1 Schematic diagram of the combustion model of a spark-

ignition engine 
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2.3  Heat Transfer Model – Woschni Correlation 

There are two modes of heat transfer to cylinder walls. One is the 

convection and the other is the radiation. In the case of radiation, it is mainly 

from high temperature gas and the flame region to the combustion chamber 

walls. However, the radiation portion of the total in-cylinder heat transfer is not 

significant in SI engines. In the case of SI engines, most of the in-cylinder heat 

transfers occur through convection. Therefore, it can be assumed that the in-

cylinder heat transfer is only due to the convection; therefore, the radiation 

effect can be negligible [18]. 

Heat from in-cylinder gas to engine parts are determined and transferred 

by forced convection between engine parts and gases. The heat Q transferred to 

engine parts are calculated by convection equation 2.4. 

Q =  hA(𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤)∆t    (2.4) 

To calculate the heat, an exact calculation of each parameter value is 

important. In the case of temperature, the in-cylinder gas temperature 𝑇𝑇𝑔𝑔 is 

calculated by the combustion model and engine parts temperature 𝑇𝑇𝑤𝑤  is 

obtained from the experiment data. Also, the heat exchange area A is calculated 

by combustion chamber geometry and its crank angle data. However, the 

convection heat transfer coefficient h is difficult to be determined. Since the in-

cylinder gas flow is not uniform, the convection heat transfer coefficient h is 

hard to specify. Therefore, to precisely calculate the convection heat transfer Q, 

determining the convection heat transfer coefficient h is the key issue. 

Calculating the coefficient h of each engine part is difficult since the in-
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cylinder gas motion is hard to estimate in a 1D engine model. Therefore, 

spatially averaged coefficient was adopted in the model and the coefficient was 

determined by empirical correlations. In this study, the Woschni correlation was 

selected. There are many empirical correlations to determine the coefficient h, 

however, the Woschni correlation is easy to calculate and the parameters used 

in the Woschni correlation was simple amongst all of them [19]. 

The Woschni correlation starts from the assumption and this assumption 

was based on the equation 2.5 and 2.6 for steady forced convection in turbulent 

flow. 

𝑁𝑁𝑡𝑡 = 0.035𝑅𝑅𝑒𝑒𝑚𝑚    (2.5) 

𝑁𝑁𝑡𝑡 = ℎ𝑐𝑐𝐵𝐵
𝑘𝑘

,𝑅𝑅𝑒𝑒 = 𝜌𝜌�̅�𝑆𝑝𝑝𝐵𝐵
𝜇𝜇

    (2.6) 

Cylinder bore was selected as the characteristic length and by assuming 

the other properties have the relation with temperature (i.e. k ∝ T0.75,µ ∝

T0.75 and p = ρRT  ), the basic form of the Woschni correlation was 

determined by equation 2.7. 

ℎ𝑐𝑐 = 𝐶𝐶𝐵𝐵𝑚𝑚−1𝑒𝑒𝑚𝑚𝑤𝑤𝑚𝑚𝑇𝑇0.75−1.62𝑚𝑚  (2.7) 

The average gas velocity in the cylinder w was determined by equation 

2.8. 

w = �𝐶𝐶1𝑆𝑆�̅�𝑝 + 𝐶𝐶2
𝑉𝑉𝑑𝑑𝑇𝑇𝑟𝑟
𝑝𝑝𝑟𝑟𝑉𝑉𝑟𝑟

(𝑒𝑒 − 𝑒𝑒𝑚𝑚)�  (2.8) 

To reflect the gas velocity change due to combustion, pressure difference 

term between motoring pressure and combustion pressure, (𝑒𝑒 − 𝑒𝑒𝑚𝑚)  was 

adopted. The term 𝑉𝑉𝑑𝑑 means the displaced volume and the subscript r means 

the reference state properties. 𝐶𝐶1 and 𝐶𝐶2 are constants for fitting the Woschni 
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correlation and they were arranged in table 2.2. The constants for Woschni 

correlation changes their values throughout the in-cylinder gas phase. 

 

Table 2.2 Constants for Woschni correlation 

Period 𝑪𝑪𝟏𝟏 𝑪𝑪𝟐𝟐 

Gas Exchange 6.18 0 

Compression 2.28 0 

Combustion and expansion 2.28 3.24 × 10−3 

 

The Woschni correlation was summarized as the form of the equation 2.9 

after assuming that the constant m is equal to 0.8. 

ℎ𝑐𝑐(𝑊𝑊/𝑡𝑡2 ∙ 𝐾𝐾) = 3.26𝐵𝐵(𝑡𝑡)−0.2𝑒𝑒(𝑘𝑘𝑃𝑃𝑎𝑎)0.8𝑇𝑇(𝐾𝐾)−0.55𝑤𝑤(𝑡𝑡/𝑎𝑎)0.8 (2.9) 
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Chapter 3. Simulation 

3.1 Simulation Setup 

The 1D engine model was used to calculate the engine operating 

conditions. However, the actual engine combustion chamber geometry is hard 

to calculate when changing the S/B ratio. Therefore, a simple cylindrical shape 

was used as the combustion chamber shape. This assumption was acceptable 

because the shape of the combustion chamber is relatively less important than 

the position of spark plug [7]. The target engine data including geometry, valve 

timing or other operating conditions were used to construct the simple cylinder 

model more realistic. Because the target engine data which was used in a 1D 

engine model is a square engine (S/B ratio is equal to 1), the base condition 

used in the simulation model was also a square engine. 

The basic concept of the simulation was to test 3 different engines which 

have different S/B ratio. Since the normal gasoline engine usually has the S/B 

ratio of 1, the other engine geometry has the S/B ratio of over than 1 and smaller 

than 1. The conceptual diagram of the 3 engines is in figure 3.1. To test the 

effect of S/B ratio only, the other conditions except S/B ratio were kept constant. 

At a fixed displacement volume condition, the stroke and bore were changed. 

To keep the volume change rate the same, the connecting rod should be changed 

followed by the stroke change. Detailed data for 3 different engines are in 

section 3.1. 

After the simulation setup, the engine operation was simulated under a 
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condition of 1500 rpm and WOT. To compare the 3 other engine operations, the 

spark timing was changed to set the same CA50. Detailed simulation operating 

conditions are in table 3.2. 

 

Table 3.1 Simulation setup (geometries) 

S/B Ratio 0.7 1.0 1.3 

Bore [mm] 96.86 86 78.8 

Stroke [mm] 67.8 86 102.44 

Connecting rod [mm] 117.47 149 177.48 

Displacement Volume [cc] 500 500 500 

Compression Ratio 10.5 10.5 10.5 

 

Table 3.2 Spark timings for simulation setup 

S/B Ratio 0.7 1.0 1.3 

Spark Timing bTDC 33 bTDC 25 bTDC 22.5 
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Figure 3.1 Concept for S/B ratio change 
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3.2 Simulation Results 

3.2.1 Overall Results 

The simulation was conducted at 1500 rpm and WOT condition. To 

compare the amount of heat transfer and its detailed parameter changes, 3 

different engine models were used and the CA50 of 3 engines were fixed. To 

make the same CA50, the timing of spark plug was advanced and retarded. As 

mentioned above, the spark timing of each engine model is shown in table 3.2. 

The spark timing advances as the S/B ratio is increased. After making the same 

CA50, the heat transfer and its sub parameters were compared. The results are 

shown in figure 3.2.  

In figure 3.2, the amount of total heat transfer from in-cylinder gases to 

engine parts decreases as the S/B ratio increases. Since the amount of fuels was 

remained at a similar level, the decrease in heat transfer through engine parts 

means an improvement in thermal efficiency. 

As mentioned in chapter 2.3, the heat transfer of the SI engine was 

dominantly occurred by convection, since convection is determined by the 

convection heat transfer coefficient, surface area and temperature difference. 

Therefore, to analyze the reason why the heat transfer decreases as the S/B ratio 

increases, h, A and T were analyzed separately. Since the in-cylinder gas can be 

separated from the burned and unburned gases, a portion of each gas was also 

analyzed. 

Moreover, the combustion characteristics change due to the S/B ratio 



 

18 

 

change was considered. If the stroke increases, the mean piston speed increases 

and the increased piston speed affects the turbulent speed and the combustion 

speed. The decreased bore size also affects the combustion speed and shortens 

the combustion period. 
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Figure 3.2 Total heat transfer change (1500 rpm, WOT)
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3.2.2 Heat Transfer Coefficient 

To compare the effect of changing the S/B ratio on heat transfer, the 

convection heat transfer coefficients of in-cylinder gases are compared. During 

the combustion phase, the in-cylinder gas can be divided into unburned gas and 

burned gas. The pressures of two gases are the same, however, their 

temperatures are different. Thus, the heat transfer coefficient of unburned and 

burned gases are different and it can be viewed in figures 3.3 and 3.4. The 

unburned gas heat transfer coefficient is about twice as large as the burned gas 

heat transfer coefficient. 

To compare the heat transfer coefficient of each S/B ratio case more easily, 

lumped heat transfer coefficient was used. Equations 3.1-3.3 were used to 

calculate the each heat transfer coefficient. By using the mass averaged method, 

lumped heat transfer coefficient was calculated as shown in figure 3.5. 

 

ℎ𝑢𝑢 = 3.26𝐵𝐵−0.2𝑒𝑒0.8𝑇𝑇𝑢𝑢−0.55𝑤𝑤0.8  (3.1) 

ℎ𝑏𝑏 = 3.26𝐵𝐵−0.2𝑒𝑒0.8𝑇𝑇𝑏𝑏−0.55𝑤𝑤0.8  (3.2) 

ℎ𝑙𝑙𝑢𝑢𝑚𝑚𝑝𝑝 = 𝑚𝑚𝑢𝑢ℎ𝑢𝑢+𝑚𝑚𝑏𝑏ℎ𝑏𝑏
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

    (3.3) 
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Figure 3.3 Unburned gas heat transfer coefficient (1500 rpm, WOT) 

 

 

Figure 3.4 Burned gas heat transfer coefficient (1500 rpm, WOT) 
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Figure 3.5 Lumped gas heat transfer coefficient (1500 rpm, WOT) 
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3.2.3 Gas Contact Area 

The heat exchange area changes as the S/B ratio changes. As S/B ratio 

increases, the area of the piston and head decreases and the liner area decreases 

also. However, the liner area difference near TDC is smaller than the differences 

of head and piston area. Moreover, as the S/B ratio increases the combustion 

speed increases and the contact period between burned gas and engine parts 

decreases. The burned gas contact area with engine parts can be seen in figures 

3.6-3.8. 

As can be seen in figure 3.6, the S/B ratio 0.7 case contacts with the piston 

earlier than the other cases and has the largest contact area among the three 

cases. The reason why the distance between head and piston decreases as the 

bore increases. The contact area with head also shows a similar tendency 

because of the advanced spark timing and increased bore size (figure 3.7). 

However, in the case of liner (figure 3.8), it shows the exact reverse tendency. 

Decreased bore size affected the burned gas contact timing and the contact area 

also decreased at near TDC. When comparing the extent of heat transfer change 

due to the burned gas contact, the total heat transfer increases due to the piston, 

and head contact area change are larger than the total heat transfer decrease due 

to the liner contact area change. 

The unburned gas contact area shows the exact reverse results with that of 

the burned gas contact area. Because the combustion chamber area is limited, 

as the burned gas portion increases while combustion progresses, the unburned 

gas contact area decreases. 
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Figure 3.6 Burned gas contact area with piston (1500 rpm, WOT) 

 

 

Figure 3.7 Burned gas contact area with head (1500 rpm, WOT)
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Figure 3.8 Burned gas contact area with liner (1500 rpm, WOT) 
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3.2.4 Temperature Difference 

The temperatures of burned gas and unburned gas remain in a similar level 

among three cases as shown in figures 3.9 and 3.10. The burned gas temperature 

differences are less than 3%, and it can be assumed that the effect of a change 

in temperature is negligible. In the case of unburned temperature, the 

temperature difference is more than 3% and it shows 10% difference at some 

period. However, the amount of unburned gas is small when the temperature 

difference shows a large difference. Therefore, the unburned gas temperature 

change is also negligible when calculating the heat transfer change. 

When assuming the temperature of unburned and burned gases are 

constant, the temperature difference between in-cylinder gas and combustion 

chamber walls can be assumed as a constant. When comparing the heat transfer 

from the unburned gas and the burned gas, the heat transfer from the burned 

gas was dominant. Because the temperature difference of burned gas and the 

combustion chamber is about 10 times larger than the difference between 

unburned gas and the combustion chamber. 
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Figure 3.9 Unburned gas temperature (1500 rpm, WOT) 

 

 

Figure 3.10 Burned gas temperature (1500 rpm, WOT) 
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3.2.5 Combustion Characteristics 

The parameters which affect to heat transfer rate are analyzed. However, 

there is one more factor to compare the amount of heat transfer. The heat 

transfer time should be considered because the combustion characteristic also 

changes as the S/B ratio varies. The reason for the combustion characteristic 

change can be separated into two parts. One is the geometric effect and the other 

is the turbulent effect. 

As can be seen in figure 3.11, the distance which flame might travel 

decreases as the S/B ratio increases. The increased piston speed due to a stroke 

increase affects the turbulent intensity and the flame speed (figures 3.12 and 

3.13). This geometric effect and turbulent effect affect the combustion speed.  

When comparing the combustion duration, it also can be divided into two 

parts (figure 3.14). By assuming the flame speed is constant, it can be possible 

to separate the geometric effect. The S/B ratio 1.3 case showed 7% decrease 

and S/B ratio 0.7 case showed 11% increase due to the chamber geometry 

change. 

After subtracting the geometric effect, the remainder of combustion 

duration change was the turbulent effect part. As shown in figure 3.12, the 

turbulent intensity difference between S/B ratio 1.0 and 1.3 cases was smaller 

than that of S/B 1.0 and 0.7 cases. Therefore, the difference due to the turbulent 

effect of S/B ratio case showed a 3% decrease while the S/B ratio 0.7 case 

showed an 18% increase.  
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Figure 3.11 Flame travel distance change due to S/B ratio 
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Figure 3.12 Turbulent intensity change through S/B ratio 

 

 

Figure 3.13 Flame speed change through S/B ratio 
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Figure 3.14 Effect of S/B ratio change to combustion duration (geometry, turbulent)
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3.3 Heat Transfer through Engine Parts 

The parameters which affect heat transfer rate were analyzed. The changes 

of parameters which were caused by S/B ratio explain the change of total heat 

transfer. The heat transfer through each engine part is described in figure 3.15. 

The heat transfers through the piston and the head showed a remarkable 

decrease as the S/B ratio increased. However, the heat transfer through liner 

showed a different tendency with that of the head and the piston. Because the 

combustion ended right after the burned gas contacted with the liner, the liner 

heat transfer was relatively smaller and showed a different tendency. 

The total unburned gas heat transfer and burned gas heat transfer of each 

case can be confirmed in tables 3.3-3.5. The contact time and area maintained 

the similar level in both unburned and burned gas cases. However, the 

differences of heat transfer coefficient and temperature difference made the heat 

transfer of burned gas and unburned gas different. Although the h of unburned 

gas was twice larger than burned gas, the temperature difference of burned case 

was more than 10 times as large as the unburned gas case. Therefore, the burned 

gas heat transfer was dominant during the combustion phase. 
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Figure 3.15 Heat transfer divided by engine parts (1500 rpm, WOT)
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Table 3.3 Heat transfer of the S/B ratio 0.7 (1500 rpm, WOT) 

 
 

Table 3.4 Heat transfer of the S/B ratio 1.0 (1500 rpm, WOT) 

 
 

Table 3.5 Heat transfer of the S/B ratio 1.3 (1500 rpm, WOT) 
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Chapter 4. Heat Transfer Coefficient  

4.1  Comparison of Heat Transfer Coefficient with 

3D Simulation and 1D Engine Model 

To confirm the reliability of Woschni correlation on calculating the 

convection heat transfer coefficient, the comparison with 3D simulation results 

was done at a motoring condition. The 3D simulation was conducted through 

STAR-CD v4.22. The number of the mesh was 853,000 and the turbulence 

model was k-e RNG. The 3D mesh of engine geometry is in figure 4.1. 

When comparing the heat transfer coefficient between 3D results and 

Woschni correlation, the tendency of change was exact. However, the Woschni 

correlation underestimated the heat transfer coefficient. One of the reasons of 

underestimation was the temperature difference. Although the amount of heat 

transfer and heat exchange were equal in both 3D and 1D, the temperature 

differences between in-cylinder gases and walls were different. In the case of 

3D simulation, the in-cylinder gas temperature was calculated from the 

boundary layer near the combustion walls. However, in the 1D engine model, 

the temperature of in-cylinder gases were calculated as a bulk temperature. 

Therefore, the temperatures of a 1D engine model were generally larger than 

3D simulation results, and the heat transfer coefficient of 3D simulation mostly 

had a larger value. 

Although a tendency of the convection heat transfer coefficient changes 

due to S/B ratio is the same as the 3D results, the extent of change is not as 
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correct. When comparing the heat transfer coefficient, the change of ratio 

showed a clearer comparison from normalizing the value of the base conditions. 

As shown in figures 4.2 and 4.3, the change of heat transfer coefficient 

calculated by Woschni correlation reflects the S/B ratio change more than the 

3D results. This difference can be detected more easily by normalizing the heat 

transfer coefficient with the S/B ratio 1.0 case value as can be seen in figure 4.4. 

Because the simulation was conducted at a motoring condition, the difference 

between Woschni correlation results were from the mean piston speed term 

which was changed by the stroke length. 
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Figure 4.1 3D mesh of engine geometry (1500 rpm, motoring) 
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Figure 4.2 Comparison of heat transfer coefficient (3D) (1500 rpm, 

motoring) 

 

 

Figure 4.3 Comparison of heat transfer coefficient (1D) (1500 rpm, 

motoring) 
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Figure 4.4 Comparison of heat transfer coefficient ratio (1500 rpm, motoring, normalized) 
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4.2  Potentials of S/B Ratio Change  

Table 4.1 shows the brief calculation of the total heat transfer. By 

normalizing the other case values with the S/B ratio 1.0 case value, the ratio of 

heat transfer was calculated. The temperature difference term maintained the 

same level, and the heat transfer coefficient and area terms were divided by the 

mean value. The heat exchange time was set correspondingly to that of the 

combustion period. Because of the error in averaged values of the convection 

heat transfer coefficient and area, the results were different with that of the total 

heat transfer results from the 1D simulation. However, it can be used when 

checking the tendency of the effect in S/B ratio change. 

As mentioned in chapter 4.1, the Woschni correlation overestimates the 

effect due to geometric change. Therefore, if the equation for calculating the 

heat transfer coefficient changes somewhat to fit the 3D simulation results, the 

brief calculation of total heat transfer might be changed. The h of S/B ratio 1.3 

case would be decreased and the h of S/B ratio 0.7 case would be increased. 

Table 4.2 reflects the change in h and the value is set discretionally to check the 

potential. The change in h also affects the total amount of heat transfer and the 

total heat transfer difference might increase more than the original results. 
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Table 4.1 Brief calculation of total heat transfer 

 

 

Table 4.2 Brief calculation of total heat transfer potentials 
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Chapter 5. Conclusions 

In this research, a GT-power base 1D engine model which included the 

combustion model and the heat transfer model based on Woschni correlation 

was developed. By using the 1D engine model, the effects of changing the 

chamber geometry especially focused on S/B ratio were analyzed to check the 

potential for reducing heat transfer from in-cylinder gas to combustion chamber 

walls. 

As S/B ratio decreased from 1.0 to 0.7, the total heat transfer increased 35% 

compared to the S/B ratio 1.0 case results. On the other hand, the S/B ratio 1.3 

case showed an 11% decrease compared to the base condition results. These 

changed total heat transfers were affected by the changed heat transfer rate and 

the combustion duration. Since the heat transfer from in-cylinder gases through 

the combustion chamber walls mainly occur by convection, the parameters used 

in the Newton’s law of cooling; for instance, the convection heat transfer 

coefficient, the heat exchange area and the temperature difference were 

analyzed. The combustion duration which means heat exchange time was also 

analyzed in the viewpoint of the geometric effect and the turbulent effect. 

S/B ratio 0.7 case showed an increase in total heat transfer because of the 

shorter distance from the head to piston and the larger bore size. Although the 

heat transfer through liner remained similar, the portion of liner heat transfer 

was smaller than that of the head and piston due to the combustion duration 

change. Therefore, the changed surface area due to S/B ratio change dominantly 

affected the total heat transfer. 



 

43 

 

The heat transfer coefficient was calculated by the Woschni correlation. 

The Woschni correlation reflected the change of S/B ratio and the tendency of 

change were the same with the results that of the 3D simulation. However, the 

Woschni correlation overestimated the effect of changing the S/B ratio change 

and thus the total heat transfer change were smaller than expected. A 

modification of the Woschni correlation or using other equations can raise the 

accuracy of estimating the heat transfer coefficient. 
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국 문 초 록 
 

최근 배기규제가 강화됨에 따라 이에 대응하기 위해 엔진의 

효율에 관한 연구가 진행되고 있다. 내연기관은 기본적으로 엔진의 

화학적 에너지를 일의 형태로 변환하여 사용하는 기관이기 때문에 

연료의 변환되는 효율이 올라가게 되면, 연료 소비와 직접적으로 

비례한 관계에 있는 CO2의 배출 또한 줄어들게 된다. CO2의 경우 

전세계적으로 배출량을 감소하는 규제가 강화되고 있고, 한국의 경우 

2020년까지 현 수준 대비 30% 이상 저감하여야 하기 때문에 엔진의 

효율 상승은 더욱 큰 이슈가 되고 있다. 

이에 엔진의 효율을 높이기 위한 여러 방법이 연구되고 있다. 

CVVT, GDI 혹은 앳킨슨 사이클 등 다양한 방법이 있지만 이번 

연구에서는 엔진 연소실의 형상을 바꾸는 것에 초점을 두어 

진행하였다. 연소실의 형상 변화 중에서도 특히 스트로크/보어 비에 

따른 영향을 확인하였으며 연소실 내부 가스의 온도가 가장 높은 연소 

기간 중의 열 전달을 집중적으로 확인하였다. 엔진 내부 가스로부터 

벽면으로의 열 전달은 크게 대류와 복사의 2가지 형태로 이루어진다. 

가솔린 엔진의 경우 디젤 엔진에 비해 복사에 의한 영향이 적기 

때문에 복사에 의한 영향을 제외한 대류 열 전달만을 다루었다.  

연소 기간 중 열 전달을 계산함에 있어 뉴턴의 냉각법칙을 

사용하였으며 이를 위해 연소실의 면적, 대류 열 전달 계수, 온도 

차이 및 연소 기간을 각각 계산하여 활용하였다. 연소실의 면적의 

경우 기존의 선행 연구에서 언급했듯 같은 부피에서는 스트로크/보어 

비가 커질수록 작아지는 경향을 보였다. 스트로크/보어 비의 변화에 

따라 표면적/볼륨 비가 동일한 경향성을 보였으나 스트로크/보어 비가 

작아지는 경우 표면적/볼륨 비가 반대의 경우에 비해 더 확연한 

차이를 보이는 것을 확인할 수 있었다. 

대류 열 전달 계수의 경우 일반적으로 1D simulation에 많이 

사용되는 Woschni correlation을 사용하여 구하였고, 스트로크 및 
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보어 변화에 따라 열 전달 계수 값이 바뀌는 것을 확인하였다. 3D 

계산과 비교해보았을 때, 열 전달 계수의 값이 바뀌는 경향성은 

동일하게 추종하였으나 스트로크 변화에 따른 변화가 3D 계산 결과 

대비 1D simulation에서 더욱 크게 측정되는 것을 확인하였다.  

이번 연구에서는 대류 열 전달에 미치는 각 요인들의 민감도를 

확인할 수 있었으며, 3D 계산과의 비교 및 보정을 통하여 보다 정확한 

엔진 효율 개선 효과를 확인하기 위해서는 열 전달 계수의 정확한 

측정이 필요하다는 것을 확인할 수 있었다. 이러한 부분을 보강한다면 

이번 연구를 통해 스트로크/보어 비 변화에 따른 엔진 열 전달을 

정확히 계산하고, 열 전달에 영향을 주는 각 요인의 비교를 통해 

최적의 스트로크/보어 비를 제시할 수 있을 것으로 기대된다. 

 

 

주요어: 스트로크/보어 비, 1D 엔진 모델, Woschni correlation, 대류 

열전달 계수, 엔진 효율 
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