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The Paris Agreement was signed in 2015 and will be in effect from

2021. Most of the United Nations Framework Convention on Climate

Change (UNFCCC) members joined this agreement and the amount

of the Greenhouse Gas (GHG) emissions reductions that they have to

pay is increasing. As a part of efforts to reducing GHG emissions

and the drop in international oil prices, the demand for high efficiency

gasoline engines is increasing. Therefore, many automotive companies

are developing gasoline engines and are interested in researching the

engine configuration at the early stage of development. However,

fundamental research on various engine configurations, especially
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stroke-to-bore (S/B) ratio has not been conducted sufficiently. In this

study, spark-ignition (SI) engine model was developed using

zero-dimensional model and the parameters affecting the engine

significantly, depending on the change in S/B ratio, were analyzed

through valve, engine model. Especially, flame propagation was

simulated through the turbulence model and the turbulent flame speed

model, and the effect of the flame varying according to the engine

configuration and the parameters were analyzed. The friction model

was also applied to compare the brake thermal efficiency, which is

one of the important engine operating parameters, in combination with

the valve and engine model.

Keywords: Spark-ignition engine, Zero-dimensional model, Stroke-to

ratio

Student Number: 2015-20731
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1. Introduction

1.1 Research background

The Kyoto Protocol, an international treaty aimed at reducing the

greenhouse gas (GHG) emissions, will be terminated in 2020. As a

result, the new agreement called the Paris Agreement was signed in

2015 and will be in effect from 2021. The aim of the new agreement

is reducing the GHG emissions and holding the increase in the global

average temperature. [1] Most of the United Nations Framework

Convention on Climate Change (UNFCCC) members joined this

agreement and the amount of the GHG emissions reductions that

they have to pay is increasing. Therefore, many countries and each

industry field make an effort to reduce the GHG emissions. In Korea,

the GHG emissions reductions of around 37% should be achieved by

2030. In transportation field, efforts are being made to reduce the

GHG emissions through fuel economy regulations. The Corporate

Average Fuel Economy (CAFE) standards in the United States are

examples related to the regulation of the fuel economy for passenger

and nonpassenger automobiles. [2] The similar regulations called

European emission standards are implemented in Europe. The

standards are about the regulations of the emission from transport.

Current standards are Euro 6 for light duty vehicles and Euro 5 for

heavy duty vehicle. [3] In Korea, many regulations are being made to

achieve the GHG emission target, such as the policy of the
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dissemination of alternative fuel vehicles and the regulation of fuel

economy according to the specific fulfillment plans of controlling fine

dust. [4]

Furthermore, demand for gasoline engines is increasing due to the

drop in international oil prices. Most automobile companies make an

effort to develop high efficiency gasoline engine such as the

optimization of valve timing and the shape of combustion chamber

and reducing the friction. However, it is important to consider engine

configuration at the early stage of engine development and many

automobile company start to pay attention again.

1.2 Previous research

Toyota Motor Corporation has proposed a longer-stroke SI gas

engine to improve the indicated thermal efficiency because of the

reduction in cooling loss. [5] However, there are the difference of

combustion characteristic because of using gas as fuel instead of

gasoline. Nissan Motor Corporation has proposed a multi-link variable

compression (VCR) engine to make a longer stroke engine with high

thermal efficiency. [6] Furthermore, Honda R&D Corporation also has

proposed a high S/B ratio engine, which has a higher thermal

efficiency. This research showed that a brake thermal efficiency of

45% was achieved at an engine speed of 2000 rpm with an S/B ratio

1.5, a compression ratio of 17, an effective compression ratio 12.5, and

an exhaust gas recirculation (EGR) rate above 30%. This research

argued that the optimum S/B ratio is about 1.5 based on maximum
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thermal efficiency. [7] Based on these research, they proposed that

engine with high S/B ratio can be achieved high thermal efficiency.

The previous studies show that the higher S/B ratio is, the higher

the thermal efficiency and the optimum S/B ratio, which is the

maximum value of the brake thermal efficiency considering the

friction, exists. However, even though S/B ratio varies, the

characteristics of engine operating parameters change differently

according to variables such as displacement volume, bore length, and

compression ratio. Therefore, the fundamental study is important

according to the control variables, but it is insufficient.

1.3. Research subjects

In this paper, to analysis the change of combustion characteristic

related to engine performance as engine configuration changes, we

assumed that the flame propagates at turbulent flame speed.

Turbulent flame speed was calculated with turbulent intensity derived

from energy cascade model adjusted in valve model. To improve

turbulent flame speed accuracy, the intial values of mean and

turbulent kinetic energy were calculated from the valve model. At

last, the friction model was used to predict engine performance

parameters such as brake thermal efficiency. The overall model was

verified with Honda experiment and the parameters affecting the

engine performance and varying by the flame propagation according

to the engine configuration are analyzed.
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2. Model Description

2.1. Valve model

2.1.1. Isentropic flow of a real gas

The mass flow rate through valve is described by the Eqn. 2.1 (for

subcritical flow), 2.2 (for choked flow) for compressible flow through

a flow restriction. [8]

 

 









   (2.1)

 

 



 (2.2)

Where  is a flow coefficient,  is a specific heat ratio,  is a

valve flow area. The direction of mass flow is determined by

comparing the magnitude of intake, exhaust manifold and in-cylinder

pressure. The intake and exhaust valve timing and maximum valve

lift are shown in Table 2.1.

2.1.2. Energy cascade model

In combustion process, to calculate mass burn rate of fuel, the flame

front are and the turbulent flame speed are used in this model.

Turbulent intensity is the main variable used to determine the

turbulent flame speed and is derived from turbulent kinetic energy.

Therefore, to calculate turbulent kinetic energy, energy cascade model

[9], one of the turbulence model is adapted.
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  (2.3)




      


(2.4)

Eqn. 2.3 and 2.4 shows the rate of mean kinetic energy (


) and

turbulent kinetic energy (


), respectively, where  is mass flow

rate from intake port,  is mass flow rate to exhaust port,  is

total mass in cylinder. The rate of mean kinetic energy is mainly

affected by inlet flow speed () and production rate of turbulent

kinetic energy () as shown in Eqn. 2.5.  is a term related to

rapid distortion theory which means interaction between eddies.

Furthermore, turbulent kinetic energy is determined by the rate of

production and dissipation () as shown in Eqn. 2.6.

 


 (2.5)

  

′ 
(2.6)

′ 





(2.7)

Mean flow speed () is a dominant factor to determine the rate of

production of turbulent kinetic energy. Mean kinetic energy and

turbulent kinetic energy from valve model which are the value of

IVC (Intake valve closes) condition, are used as the initial values of

the combustion process in SI engine model.
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2.2. SI engine model

SI engine is also modeled using a MATLAB. In addition, for chemical

reaction kinetics calculation, Cantera toolbox is used. The whole

process is divided into three processes (compression, combustion and

expansion). To simulate the SI engine, a detailed mechanism of

gasoline surrogate mixture Lawrence Livermore National Laboratory

(LLNL) mechanism [10] is used. The mechanism contains 1389

species and 9603 reactions. Since gas exchange processes are

considered in valve model, there are not these processes in SI engine

model. In addition, to calculate mass burn rate, the flame front area

and the turbulent flame speed are used.

2.2.1. Flame geometry

In the presented model, a combustion chamber and a piston head are

assumed to be flat and a spark plug is located in the center of

cylinder head. The flame propagates in hemispherical form and is

divided into three cases. As shown in figure 2.1, the flame front area

is calculated according to each case. In general, since the bore length

is longer than the chamber height, the flame front reaches the piston

head first. Therefore, the flame propagates in the order of (a), (b)

and (c). Finally, the flame front area becomes zero and the inside of

the cylinder becomes burned zone.

2.2.2. Energy cascade model

In combustion process, the flow field in the engine is always
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turbulent rather than laminar. In addition, to calculate mass burn rate

of fuel, the flame front, and the turbulent flame speed are used in

this model. Turbulent intensity is the main variable used to determine

the turbulent flame speed. Therefore, the same energy cascade model

applied in valve model is used to calculate turbulent intensity in SI

engine model. The values of mean kinetic energy and turbulent

kinetic energy at IVC obtained from the valve model are substituted

with the intial values of combustion process.

2.2.3. Flame speed

2.2.3.1. Laminar flame speed [8]

Laminar flame speed is an important factor affecting the turbulent

flame speed and varies with unburned zone temperature (),

in-cylinder pressure (), equivalence ratio () and fraction of the

diluent ().

  





 (2.8)

According to Eqn. 2.8, laminar flame speed is mainly affected by

unburned zone temperature and in-cylinder pressure.  = 298K and

 = 1atm are the reference temperature and pressure, and  and 

are constants for a given fuel. Since gasoline is used, the following

constants are given in Eqn. 2.9, 2.10 and 2.11.

     (2.9)

    (2.10)
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 (2.11)

Values of ,  and  are given in Table 2.2. Lastly, to consider

the effect of diluent fraction on laminar flame speed, Eqn. 2.12 is

used.

 
   

    
  (2.12)

2.2.3.2. Turbulent flame speed

At the early stage of combustion, the size of the flame kernel is

small and is not wrinkled sufficiently. As the flame grows and the

size of flame () is comparable to integral length scale (), the

flame propagates faster. This stage is the transition stage which

laminar flame converts to turbulent flame. When transition is over,

turbulent flame propagates with fully-developed turbulent flame speed.

In this study, turbulent flame equation is based on Herweg and Maly

[11] and modified. [9]




   exp


 exp 


 ′

′
 

′



′





(2.13)

The constant  can be changeable with the engine of interest. In

Eqn. 2.13, the characteristic time constant () contains not only local

diffusion with turbulent intensity, but also transport via laminar

flame.
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′


(2.14)

2.2.4 Combustion process

2.2.4.1 Zero-dimensional and two-zone model [12]

After compression process is over, the inside of cylinder is divided

into two-zone, which are unburned zone and burned zone as shown

in figure 2.2. The thermodynamic properties of each zone are

determined separately. The flow of the inside of the cylinder is

assumed to be zero-dimensional. The gas of cylinder reaches

equilibrium quickly and in-cylinder pressure and temperature are

uniform and vary with crank angle.

2.2.4.2 Mass burn rate

Mass burn rate ( ) is affected by engine configuration and flame

propagation is an important factor to determine the combustion

duration. To consider the flame propagation, as shown in Eqn. 2.15,

mass burn rate is calculated as the product of the density of

unburned zone (), laminar flame speed and wrinkled flame front

area ().

   (2.15)

However, it is hard to determine the exact wrinkled flame front area

at each moment. Therefore, as shown in section 2.2.1, the flame front

area () is assumed to be a smooth circle in the form of
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hemispheres. Furthermore, turbulent flame speed is used instead of

laminar flame speed and Eqn. 2.16 gives the final formula of mass

burn rate. Each parameters vary with crank angle.

   (2.16)

2.2.5 Heat transfer

To calculate total heat transfer during compression, combustion and

expansion process from the gases of cylinder to cylinder wall piston

and chamber wall, which are mostly convective, Woschni heat

transfer model [13] is used. Woschni assumed the relationship

between the Reynolds and Nusselt number and made a correlation

form of heat transfer coefficient () as shown in Eqn. 2.17.

    (2.17)

,  is constant,  is a characteristic unit of length (bore length is

used in this model) and  is a local average gas velocity in the

cylinder. According to Woschni model, during intake, compression and

exhaust process,  is proportional to the mean piston speed. On the

other hand, during combustion process, gas velocity is varied by the

change of density induced by combustion. Therefore, the averaged

gas velocity  is determined according to each process.

  
  


 (2.18)

 is motored cylinder pressure,  is a instantaneous cylinder

pressure and  is a displacement volume.  ,  and  are the

pressure, temperature and cylinder volume at IVC. During
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compression process, the constants       are used and the

constants      ×
 are used for the combustion and

expansion process. The final equation of heat transfer coefficient is

given in Eqn. 2.19.

   


 (2.19)

With above the heat transfer coefficient and heat transfer scaling

factor (HTSF), heat transfer rate of unburned zone ( ) and burned

zone ( ) are calculated given in Eqn. 2.20 and 2.21.

  ×   (2.20)

  ×   (2.21)

The areas which contact to cylinder wall (, ) are determined

by the flame propagation as shown in figure 2.2.

2.3 Friction model

As S/B ratio changes, total friction which indicates the sum of

friction losses and pumping losses also changes and affects brake

thermal efficiency. Therefore, to predict engine performance such as

brake thermal efficiency with various S/B ratio, total friction should

be needed. Friction model is based on Patton model. [14]

2.3.1 Friction losses

Friction losses are divided into rubbing friction and auxiliary friction.

In this model, rubbing friction is only regarded as friction loss. There
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are three major components of rubbing friction losses, which come

from crankshaft, reciprocating parts and valvetrain. Firstly, crankshaft

frictions contain the frictions of main bearings, the front and rear

main bearing oil seals. The reciprocating parts frictions include the

frictions between piston and cylinder wall, piston ring and cylinder

wall, and connecting rod bearings. Lastly, valve train frictions mean

the friction from camshaft, cam follower and valve actuation

mechanism for valvetrain configurations. Although reciprocating parts

frictions are mainly affected by S/B ratio, crankshaft and valvetrain

friction are affected by bearing configurations and the effect of S/B

ratio is small.

2.3.2 Pumping losses

Pumping losses include the friction from flow through the intake

system, exhaust system, the intake valves and the exhaust valves.

The pumping loss of the intake system is calculated by the difference

between atmospheric pressure and intake pressure. On the other hand,

the pumping loss of the exhaust system is mainly affected by mean

piston speed. The pumping losses of the valves are relatively small

compared to those of the intake and exhaust system and can be

negligible. Therefore, in this model, the losses of the valves are not

considered.
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Figure 2.1 Flame propagation in combustion process. (a) the early

stage (phase 1), (b) the flame reaches piston head (phase 2), (c)

the flame reaches cylinder wall (phase 3)
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Valve

timing

EVO EVC IVO IVC
Maximum

valve lift
bBDC

40

aTDC

15

bTDC

15

aBDC

40
10 mm

Table 2.1 Valve timing and maximum valve lift



- 15 -

 [cm/s]  [cm/s]  [cm/s]

30.5 -54.9 1.21

Table 2.2 Parameters of laminar flame speed for gasoline
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Figure 2.2 Two-zone model diagram
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3. Model Validation

3.1. Honda experiment

In this section, the model validation process is in progress. To

validate the model, Honda experiment [7] is chosen. Since there are

experimental results for various S/B ratios compared to the

experimental results in the other papers, Honda experiment is decided

as the validation model. In the experiment, to find optimum S/B ratio

which has a maximum brake thermal efficiency, single cylinder

engines with a variable S/B ratio are used. Bore length is constant

and displacement volume changes as stroke length changes. Although

the experiment is conducted on various compression ratio, validation

case has compression ratio 13.5. Most initial conditions are consistent

with Honda experiment and are shown in table 3.1.

Figure 3.1 shows that when the compression ratio of single cylinder

engine is 13.5, cooling loss decreases until S/B ratio becomes 1.6.

However, cooling loss does not change after S/B ratio 1.6. On the

other hand, total friction which means sum of friction mean effective

pressure (FMEP) and pumping mean effective pressure (PMEP)

increases as S/B ratio increases. As a result, based on balance two

parameters, brake thermal efficiency is maximized at S/B ratio 1.5.

3.2. Simulation result and validation

In the model, cooling loss derived from heat transfer from in-cylinder
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gas to cylinder wall during compression and expansion stroke. In

addition, cooling loss is normalized by low heating value (LHV) of

in-cylinder gases at IVC. Figure 3.2 shows that cooling loss

increases as S/B ratio increases. This trend is opposite to the

experiment result. This seems to be due to the characteristics of the

Woschni model used as a heat transfer model. As S/B ratio

increases, the area of the cylinder wall contacting the burned zone

becomes wider, and the heat transfer coefficients, which have the

greatest effect, are most influenced by the mean piston speed.

Therefore, heat transfer during compression, combustion, and

expansion process increases as S/B ratio increases. However,

considering whole process in engine cycle including intake and

exhaust process, total heat loss decreases as S/B ratio increases.

Temperature at exhaust valve open (EVO) decreases as S/B ratio

increases as shown in figure 3.2, it means that exhaust loss

decreases as S/B ratio increases. Thus, the total heat loss for four

strokes decreases with increasing S/B ratio.

In case of total friction, the effect of increasing stroke length is

dominant. Therefore, total friction increases as S/B increases. As a

result, the brake thermal efficiency derived from the sum of the total

heat loss and friction shows a similar trend to the Honda experiment

and the optimum point which has a maximum brake thermal

efficiency is S/B ratio 1.5 like honda experiment.
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Compression

ratio

Stroke

[mm]

Bore

[mm]
RON IVO IVC

13.5
96.9,

121.5, 162
81 91

bTDC

15

aBDC

40

Table 3.1 Engine specifications of Honda experiment
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Figure 3.1 Brake thermal efficiency trend and work balance

with variation of S/B ratio [7]
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Figure 3.2 Simulation result: Brake thermal efficiency trend and

work balance with variation of S/B ratio
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4. Analysis of S/B Ratio Simulation Results

In this section, parameters mainly affected by variation of S/B ratio

will be discussed. In the engine, the variables are mutually

intertwined, making it difficult to judge the effect of any one variable.

Therefore, to judge the effect of changing S/B ratio, the case where

there is a change of S/B ratio due to the change of the stroke length

in the fixed bore relatively unlikely to be intertwined is chosen. Table

4.1 lists the engine specifications.

4.1 The effect of flame front area

In this model, one of the most important feature is flame propagation.

The change of S/B ratio means that of engine configuration and

although spark plug is located in the center of combustion chamber

for all cases, the characteristic such as the interaction between

cylinder wall and flame will be changed. Therefore, important factors

such as the mass burn rate and heat transfer are also determined.

As shown in figure 2.1, the initial hemisphere flame spreads and

reaches the piston head first. This interval is defined as the transition

phase. There is a way to reduce this interval to speed up the mass

burn rate, or to move the next phase with the largest possible flame

front area.

Figure 4.1 shows the flame propagation with low and high S/B ratio

cases. In case of low S/B ratio, the flame reaches the piston head
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relatively first and transition phase is shorter due to the short height

of clearance volume. On the other hand, in case of high S/B ratio, it

takes a long time to reach the piston head because of the long height

of clearance volume. In other words, since the transition phase is

relatively long, it is disadvantageous for the mass burn rate, and heat

transfer because the area where the burned zone contacts the cylinder

wall is also large due to going to phase 2 with the large flame front

area. However, the large flame front area is advantageous for the

mass burn rate. The flame in case of high S/B ratio goes phase 1 to

phase 2 with relatively large flame front area and this mainly affects

to the mass burn rate, and on the combustion side, the high S/B

ratio is more advantageous.

4.2 Heat transfer

The heat transfer coefficients of burned zone and unburned zone

increase, as S/B ratio increases in woschini model, as shown in

figure 4.2. The heat transfer coefficients are mainly affected by

temperature, pressure, and mean piston speed. Among them, the effect

of mean piston speed is dominant and the increase of S/B ratio

means the increase of stroke length, and the heat transfer coefficients

also increase.

If S/B ratio increases, the burned zone area increases since the flame

goes to phase 2 with larger flame front area. In addition, the

unburned zone area also increases due to the increase of clearance

volume. Therefore, since the heat transfer coefficient and area with
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cylinder wall increase each zone, the absolute value of heat transfer

during combustion process increases as S/B ratio increases. However,

since bore length is constant and stroke length is increased, the

energy of the in-cylinder gas at IVC, that is, the LHV becomes

large. Therefore, for the objective comparison, a process of

normalizing the heat transfer amount in the combustion process is

essential. As shown in figure 4.3, the heat transfer ratio is reduced

as S/B ratio increases. It is considered that the effect of

surface-to-volume ratio reduction is the most influential in the

combustion process.

4.3 Laminar flame speed

As shown in section 2.2.3.1, laminar flame speed is affected by

unburned zone temperature, in-cylinder pressure, equivalence ratio,

and residual gas fraction. Equivalence ratio is 1 and external EGR is

20%. Therefore, laminar flame speed is determined by unburned zone

temperature and pressure. In-cylinder pressure and unburned zone

temperature is higher when S/B ratio is high, as shown in figure 4.4

and 4.5. This seems to be due to the heat transfer in the combustion

process described above. As shown in figure 4.3, during the

combustion process where flame propagation occurs, the heat transfer

ratio decreases as S/B ratio increases, as shown in section 4.2. As a

result, the increase of in-cylinder pressure and unburned zone

temperature determines the laminar flame speed. The increase of

in-cylinder pressure reduces the laminar flame speed and the increase



- 25 -

of unburned zone temperature increases the laminar flame speed.

However, the increase of laminar flame speed due to the increase of

unburned zone temperature, the laminar flame speed increases as S/B

ratio decreases, as shown in figure 4.4.

4.4 Turbulent intensity

Turbulent intensity (′) is a major factor which determines the

turbulent flame speed. Mean kinetic energy and turbulent kinetic

energy used to determine the turbulent intensity. First of all, in the

valve model, since stroke length increases which causes S/B ratio to

increase, mean piston speed increases and the flow speed which

comes from intake port also increases. This leads to increase the

mean kinetic energy rate and increase the mean kinetic energy at

last. Thus, the flow speed from the intake port has a great influence

on the mean kinetic energy. However, after intake valve closed, there

is no more flow from intake port and the mean kinetic energy is

dissipated as the turbulent kinetic energy, it tends to decrease

continuously during combustion process. The production rate of mean

kinetic energy is dissipated at the turbulent kinetic energy, which

means the rate of the turbulent kinetic energy increase. In addition, it

is caused by fluid deformation due to viscous stress and viscous

stresses originated from shear strain and dilatation. Since viscous

stresses generated by shear strain are much larger than that of

dilatation, only shear strain effects are considered.

When S/B ratio is high, although the integral length scale is longer
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due to large clearance volume, the amount dissipation is larger due to

the increase of stroke length. However, when S/B ratio is high, even

if the amount of mean kinetic energy dissipated is large, the initial

value of the combustion is large, so that it has a large mean kinetic

energy continuously. As a result, mean kinetic energy increases as

S/B ratio increases, as shown in figure 4.6.

In case of turbulent kinetic energy, when S/B ratio increases, the

production rate increases and the amount of dissipated accordingly

increases as well. This is also because the increase of mean piston

speed due to the increase of stroke length has a dominant effect.

After intake valve closed, there is no flow from intake port, so there

is no production rate and only dissipation occurs, so the turbulent

kinetic energy continues to decrease as the combustion proceeds.

In addition, the overall turbulence decays continuously despite the

production due to flat piston head. Rapid distortion theory (RDT)

means interaction between eddies and when flow is contracted,

turbulent kinetic is enhanced by RDT and the opposite is occurred

when flow is expanded. However, the effect of RDT is too small to

change turbulent kinetic energy compare to the effect of production

and dissipation.

As a result, the trend of turbulent intensity derived from the

turbulent kinetic energy seems to similar that of turbulent kinetic

energy. As shown in figure 4.7, turbulent intensity increases as S/B

ratio increases.
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4.5 Turbulent flame speed

The increase of laminar flame speed and turbulent intensity during

combustion process as S/B ratio increases were confirmed in sections

4,3 and 4,4. In addition, when two exponential terms go to 1, it

means the period that transition from laminar to turbulent flame

speed. When this transition is finished, flame propagates with fully

developed turbulent flame speed. Therefore, turbulent flame speed

increases as S/B ratio increases, as shown in figure 4.8.

4.6 Flame geometry

Flame radius keeps increasing during combustion process due to

flame propagation. In addition, flame reaches cylinder wall at the

early stage (phase 1), as flame propagates. Since height of the

clearance volume is shorter than bore length, flame reaches piston

head first. The flame is kept in contact with the piston head for the

longest duration, which is the dominant for the combustion stage

where the mass burn fraction the greatest increase. At last, as flame

radius increases, the flame front area continues to increase until the

flame reaches the cylinder wall.

As S/B ratio increases, flame radius increases due to the increase of

flame speed. In addition, as shown in section 4.1, flame reaches the

piston head later, but it reaches a larger flame front area. As a

result, the effect of flame front area, mass burn rate increases.
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4.7 Combustion duration

As shown in section 2.2.4.2, mass burn rate is determined by

unburned zone density, flame front area and turbulent flame speed.

As S/B ratio increases, the flame front area and turbulent flame

speed also increase, resulting in an increase in mass burn rate.

Flame-development angle which means mass burn fraction is until

10% and rapid-burning angle which means mass burn fraction is 10%

to 90% decrease as shown in figure 4.9.

4.8 Friction

In case of friction losses and pumping losses, PMEP and FMEP are

used to normalize the pumping work and the friction work,

respectively.

Total friction losses including the friction of crankshaft, reciprocating

parts, and valvetrain are mainly affected by stroke length, i.e. mean

piston speed. Actually, there is also bore effect, but the current

engine configuration has the same bore length, so the bore effect are

same. The frictions of crankshaft are composed of main bearings

friction and the frictions of valvetrain are composed of camshaft

bearings friction and cam follower friction. All of these are concerned

with bearing diameter. Therefore, if the friction does not increase as

much as the stroke increases, FMEP decreases accordingly as S/B

ratio increases. In case of the frictions of reciprocating parts, the

friction between the piston and the cylinder wall is dominant. This is

also affected by mean piston speed. Thus, friction work and FMEP
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increase as S/B ratio increases and stroke length determined the

mean piston speed is a major factor in determining friction.

For the pumping losses, the losses of intake and exhaust stroke are

normally determined by the difference between in-cylinder pressure

and atmospheric pressure. In case of intake system, the pumping loss

is determined by the difference between atmospheric pressure and

intake pressure, which is the same regardless of the change in S/B

ratio. In addition, in case of exhaust system, the pumping loss is

affected by the mean piston speed and increases as S/B ratio

increases.

To sum up, the total friction, which is the sum of the friction losses

and the pumping losses, increases as S/B ratio increases as shown in

figure 4.10.

4.9 Brake thermal efficiency

Brake thermal efficiency, one of the major factors related to engine

operation, is achieved as the sum of the previous variables. For each

S/B ratio, brake thermal efficiency is calculated by dividing brake

work excluding total friction by the product of initial fuel mass and

LHV.

 


(4.1)

As mentioned in section 4.2, heat transfer from compression stroke to

expansion stroke in figure 4.11 is increased as S/B ratio increases,

and the heat transfer normalized with LHV also increases, which is
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the limit of the Woschni model and mainly affected by mean piston

speed. However, as shown in figure 4,11, exhaust gas temperature,

which means temperature at EVO, keeps decreasing as S/B ratio

increases. This means that exhaust gas loss keep decreasing. As a

result, the total heat loss during the entire four strokes decreases as

S/B ratio increases. In addition, total friction increases as S/B ratio

increases and the brake thermal efficiency is calculated using the sum

of total heat loss and friction, which has a major effect on engine

operation, is shown in figure 4.11. Based on a balance between total

heat loss and friction loss, there is a optimum S/B ratio at which

thermal efficiency is maximized.
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S/B ratio
Bore

[mm]

Stroke

[mm]

Compression

ratio
RPM

1.00

86

86

12 2000

1.19 102

1.34 115

1.5 129

1.73 148.78

Table 4.1 Engine specifications of S/B ratio simulation
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Figure 4.1 Flame propagation in low and high S/B

ratio cases
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Figure 4.2 Heat transfer coefficient in Woschni model
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Figure 4.3 Total heat transfer and heat transfer during

combustion process
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Figure 4.4 In-cylinder pressure and laminar flame speed
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Figure 4.5 Unburned and burned zone temperature
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Figure 4.6 Mean kinetic energy and turbulent kinetic energy
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Figure 4.7 Mean flow speed and turbulent intensity
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Figure 4.8 Turbulent flame speed
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Figure 4.9 Duration of burning
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Figure 4.10 Total rubbing friction, FMEP and PMEP
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Figure 4.11 Brake thermal efficiency trend and work balance with

variation of S/B ratio
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5. Conclusion

In this research, we conducted simulation study to estimate the effect

of S/B ratio on the SI engine which means the change of engine

configuration. The model was simulated for one cycle through the

valve and the engine model. In addition, the friction model was

applied to calculate the total friction losses. In order to cope with the

change of the engine configuration in details, the turbulent flame

speed using the turbulence model was simulated and the flame

propagation was simulated. Through this simulation, various

parameters were analyzed through the characteristics of flame

propagation and the interaction with the cylinder wall according to

the variation of S/B ratio.

To verify this model, we conducted the validation with Honda which

carried out single cylinder engine experiment with a variable S/B

ratio changes. In order to compare brake thermal efficiency considered

to be the most important among the engine operating parameters,

work, heat loss and friction were calculated and compared. Despite

the limitation of the heat transfer model, it was confirmed that the

trends of other parameters were similar to those of the experiment.

In order to investigate the trend of various engine operating factors

according to the variation of S/B ratio, simulation was carried out for

various engine configurations. The parametric study was carried out

for constant bore length and compression ratio. First of all, the effect

of flame front area is changed according to the variation of S/B ratio,
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and this affects the mass burn rate and heat transfer. As S/B ratio

increases, the duration of early stage (phase 1) becomes longer and

that of phase 2 becomes shorter. However, the flame reaches with

larger flame front area, and it is advantageous for the mass burn

rate. For the heat transfer during the combustion process, although

the absolute value of heat transfer increases due to the increase of

the flame front area with cylinder wall, temperate and the heat

transfer coefficient, the heat transfer divided by LHV decreases,

affecting the laminar flame speed and the turbulent flame speed. In

addition, turbulent intensity, which affects the turbulent flame speed,

turbulent kinetic energy due to increase of flow speed and mean

piston speed from the intake port as S/B ratio increases.

As a result, the higher S/B ratio, the larger mass burn rate due to

the larger flame front area and the faster turbulent flame speed,

resulting in a shorter combustion duration. In case of friction, most of

the friction are affected by mean piston speed, which increase as S/B

ratio increases. Furthermore, the temperature at EVO decreases with

increasing S/B ratio, which means that the loss of exhaust gas

decreases. Therefore, total heat losses during whole cycle decrease as

S/B ratio increases. Although the heat loss from the compression

stroke to expansion stroke increases with the increases of S/B ratio,

the total heat losses decrease, and therefore, there is an optimum

point for the brake thermal efficiency considering the total friction.
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요약

스트로크-보어비 변화에 따른 불꽃

점화 엔진 성능 예측에 관한 모델링

및 분석

서울대학교 대학원

기계항공공학부

설은수

2020년 종료되는 교토 의정서 이후 적용될 파리 기후 협약, 즉 신기후

체제가 2021년부터 발효될 예정이다. 유엔기후변화협약(UNFCCC)에 속

한 대부분의 나라는 이 협약에 동의하였으며 이로 인해 각국에서 감축해

야하는 온실가스에 대한 부담이 증대된 상황이다. 이러한 온실가스 감축

을 위한 노력과 맞물려 국제 유가의 하락으로 인해 고효율 가솔린 엔진

에 대한 수요가 증가하고 있는 상황이다. 따라서 많은 자동차 회사들이

고효율 가솔린 엔진을 개발하고 있으며 개발 초기 단계에서 엔진 형상에

대한 연구에 관심을 기울이고 있다. 하지만 엔진 형상, 특히 스트로크-

보어비 변화에 대한 연소 특성 변화에 관한 기초 연구가 부족한 실정이

다. 본 연구에서는 0D 모델을 적용한 불꽃 점화 엔진 시뮬레이션 모델을
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통해 스트로크-보어비 변화에 따른 엔진의 주요한 작동 변수에 대해 분

석을 진행하였다. 특히 스트로크-보어비 변화에 따라 화염의 영향이 주

요하게 변할 것으로 판단되어 난류 모델 및 난류 화염 속도 모델을 적용

하여 화염 전파를 모사하였으며 이를 통해 스토로크-보어비 변화에 따

른 화염의 영향을 분석하여 엔진 작동 변수에 미치는 영향을 분석하였

다. 또한 밸브, 엔진 모델에 최종적으로 마찰 모델을 적용하여 제동 열효

율을 비교, 분석을 진행하였다.

주요어: 불꽃 점화 엔진, 0D 모델, 스트로크-보어비

학번: 2015-20731
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