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ABSTRACT 

Medium-speed four-stroke diesel engine cylinder pressure effect on component 

dimensioning  

Jonne Haapakoski 

University of Oulu, Degree Programme of Mechanical Engineering 

Master’s thesis 2016 72 pages 

Supervisor: Mauri Haataja 

 

The target of this thesis is to examine the W32 four-stroke engine and the four-stroke 

engine in general, with regard to its different operation modes and their effect on cylinder 

pressure. The cylinder pressure curves used in this thesis are simulated for the W32 engine 

using the GT-Power software. Previously, the cylinder pressure curve and the parameters 

affecting its shape have been partly unknown. This thesis aims to clarify the effect of 

different parameters on the cylinder pressure curve and investigate further how they affect 

component dimensioning. The following parameters are investigated: compression ratio, 

charge air pressure and different valve timings (VIC and Miller). Three components are 

chosen for this thesis: piston, crankshaft and connecting rod big end bearing (BEB). 

The crankshaft torsional vibration are calculated using Torsio software and the crankshaft 

bending has been calculated using the IACS classification software. Bearing calculations, 

minimum oil film thickness and peak oil film pressure have been calculated using the 

AVL Excite software. The piston is calculated according to cylinder pressure forces 

acting on piston crown and piston side. 

The cylinder pressure curve shape, the width of the maximum pressure and the variation 

on pressure during gas exchange have influence on component dimensioning. The 

complete cylinder pressure curve must be taken into consideration in component 

dimensioning. A piston crown is dimensioned by the maximum cylinder pressure only, 

but for connecting rod big end (BEB) bearing the whole pressure curve has an effect on 

the dimensioning.  It has been found out that the bearing oil film thickness in gas and 



 

 

diesel operating mode with full load operation is different during gas load even though 

the maximum pressure is the same in cylinder pressure curves. For crankshaft torsional 

vibration the power output is important. For bending stress the cylinder pressure curve 

compression, combustion and expansion stroke has the impact on dimensioning. 

Keywords: cylinder pressure curve, bearing, crankshaft, piston 



 

 

TIIVISTELMÄ 

Keskinopean nelitahtidieselmoottorin sylinteripaineen vaikutus komponenttien 

mitoitukseen 

Jonne Haapakoski 

Oulun yliopisto, Konetekniikan tutkinto-ohjelma 

Diplomityö 2016 72 sivua 

Työn ohjaaja: Mauri Haataja 

 

Työn tavoitteena on tutkia W32 nelitahtimoottoria ja yleisesti nelitahtimoottorin eri 

vaihteita ja näiden vaikutusta sylinteripaineeseen. Työssä käytetyt sylinteripainekäyrät on 

simuloitu W32-moottorille käyttäen GT-Power-ohjelmaa. Luokitukseen vaadittava 

sylinteripainekäyrä ja siihen vaikuttavat eri ilmiöt ovat olleet aiemmin osittain 

tuntemattomia. Tässä työssä on pyritty selventämään eri ilmiöiden vaikutusta 

sylinteripainekäyrään ja edelleen tutkia niiden vaikutusta eri komponentteihin. Seuraavia 

ilmiöitä tutkitaan: puristussuhde, ahtopaine sekä eri venttiilien ajoitukset (VIC ja Miller). 

Tähän työhön on koottu kolme eri komponenttia: mäntä, kampiakseli sekä kiertokangen 

alasilmän laakeri. 

Kampiakselin vääntövärähtelylaskelmat on laskettu Torsio-ohjelmalla, kampiakselin 

taipuma on laskettu IACS-luokitustyökalun avulla. Laakerilaskut, öljyfilmin 

minimipaksuus (minimum oil film thickness) sekä öljyfilmin huippupaine (peak oil film 

pressure) on laskettu AVL Excite -ohjelmalla.  Mäntä on laskettu sylintetripaine voimien 

mukaan sekä männän lakiin, että männän helmaan kohdistettuna. 

Sylinteripainekäyrän muoto, huippupainealueen leveys sekä kaasunvaihdonaikainen 

paineenvaihtelu vaikuttaa komponenttien mitoitukseen. Komponenttien laskussa koko 

sylinteripainekäyrän muodolla on merkitystä. Siinä missä esimerkiksi männän laki 

mitoitetaan sylinteripaineen maksimiarvon perusteella, kiertokangen alasilmän laakeri 

mitoitetaan koko sylinteripainekäyrän perusteella. On huomattu, että täydellä kuormalla 

laakerin öljyfilmin kaasunpaineen aikainen minimipaksuus kaasu- ja diesel käytössä 



 

 

poikkeaa toisistaan siitä huolimatta, että kaasu- ja diesel sylintetripainekäyrässä on sama 

maksimipaine. Kampiakselin vääntövärähtelylle tehon suuruus on tärkeä. Kampiakselin 

taivutusjännitykseen puolestaan puristustahti, palaminen, sekä  paisunta vaikuttavat 

mitoitukseen. 

Asiasanat: sylinteripainekäyrä, laakeri, kampiakseli, mäntä 
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SYMBOLS AND ABBREVIATIONS 

B cylinder diameter [m] 

BDC bottom dead centre of piston 

BEB connecting rod big end bearing 

BMEP brake mean effective pressure [Pa] 

CA crank angle [degrees] 

CPP controllable pitch propeller 

DF dual fuel 

DI direct injection 

EIVC early intake valve closing 

Fk piston gas force [N] 

Fp force acting on piston pin [N] 

Fsk force acting on piston side [N] 

Ftangential tangential force acting on crankshaft [N] 

Fradial radial force acting on crankshaft [N] 

h oil film thickness [m] 

HP high pressure 

l connecting rod length 

LIVC late intake valve closing 

LP low pressure 

n engine speed [rpm] 

P pressure of oil film [Pa] 

Pe power [W] 

Pme mean effective pressure [Pa] 

pcyl cylinder gas pressure [Pa] 

r crankshaft half-stroke [m] 

SG spark ignition gas 

SI spark ignition 

TDC top dead centre of piston 

U1 relative velocity of bearing journal [m/s] 

U2 relative velocity of bearing bore [m/s] 



 

 

VH piston displacement [𝑚3] 

Vmax cylinder maximum volume [𝑚3] 

Vmin compression volume or dead volume [𝑚3] 

VEC variable exhaust valve closing 

VIC variable intake valve closing 

Z engine operating type, 1 for two-stroke and 2 for four-stroke 

z sliding surface transverse direction [m] 

 

 

α crankshaft angle [degrees] 

ɛ compression ratio 

ɳ lubricating oil viscosity [𝑁 ∗ s/𝑚2] 

φ sliding surface circumferential direction [m] 
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1. INTRODUCTION 

Modern four-stroke medium-speed diesel engine combustion technology has developed 

quickly during the last 20 years. Several different fuel types, combustion chamber 

geometries, compression ratios, charge air pressure, injection technologies and intake and 

exhaust valve timing durations have been developed. Engine maximum cylinder 

pressures have been increased together with the power density increase (BMEP has 

increased, which has had a clear effect on both pmax and pressure curve shape). Several 

different types of combustion technologies have been developed in order to decrease 

emissions. All the above mentioned development areas have changed the cylinder 

pressure curve shape and duration. The cylinder pressure curve and the maximum 

cylinder pressure have a notable influence on component dimensioning. The cylinder 

pressure curve changes significantly according to the engine running parameters. 

In this thesis the mass forces acting on engine cylinder are not taken into consideration, 

as the results and comparison are done regarding to gas forces. However, on bearing 

calculations are complicated and the mass forces cannot be excluded from the equation. 

This thesis focuses on cylinder pressure curves with factors that are behind the curves’ 

dimensions and shape. The cylinder pressure curve consist of gas forces that act in the 

engine cylinder. The amount of intake air introduced to the cylinder changes the cylinder 

fill rate. The factors affecting the cylinder fill rate are the charge air pressure, Miller 

timing and VIC timing. The amount of air introduced to the cylinder also defines the 

amount of fuel that can be burned during engine combustion. The amount of burned fuel 

changes the cylinder maximum pressure value and duration. The maximum cylinder 

pressure affects the dimensioning of components that directly face the combustion 

chamber. In this thesis, three components are chosen to be investigated: piston, crankshaft 

and connecting rod big end bearing (BEB). Piston is a component that faces the 

combustion chamber directly and is to be dimensioned according to the maximum 

cylinder pressure. To connecting rod bearing, the complete cylinder pressure curve affects 
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the bearing oil film and should be taken into consideration. On crankshaft, the peak 

tangential force created by the gas forces has the effect on the dimensioning in terms of 

torsional vibration. The maximum cylinder pressure affects also the crankshaft bending 

forces.  

One purpose of this thesis is to clarify the methods that are used to reach the design 

cylinder pressures, which are typically higher than the full load running cylinder 

pressures. The design pressure curve is a curve used for engine classification and 

component dimensioning. It is increased from the standard pressure curves. The content 

of this thesis is described below (figure 1). 

 

Figure 1. Guide to clarify effect of cylinder pressure curve in engine design. 
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2. WÄRTSILÄ W32 ENGINE 

In this thesis a W32 four-stroke medium speed engine (figure 2) is used for the 

simulations and calculations.  All the pressure curves are simulated for the same engine 

bore and stroke. The engine is equipped with a turbocharger and direct injection, W32 

engines are manufactured as both inline and V-engines with various cylinder number 

configurations and power output ratings. 

 

Figure 2. Wärtsilä W32 V-engine. (Klemola 2008) 

The W32 engine running speed varies from 720 to 750 rounds per minute with output 

varying from 550 to 580 kW per cylinder. The W32 engine bore is 320mm and the stroke 

400mm. Figure 2 shows a V-engine from the W32 product family. (Wärtsilä W32 product 

guide 2016).  
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3. BASIC THEORY OF DIESEL ENGINE AND 

CYLINDER PRESSURE CURVE 

The operating cycle of the common four-stroke diesel internal combustion engine consists 

of four different strokes. To complete one operating cycle, the piston makes two complete 

revolutions of the crankshaft. During this time, the engine completes four strokes 

including the intake, compression, expansion and exhaust strokes. 

 

Figure 3. Four-stroke engine cylinder pressure curve with event of combustion in relation 

to the crank angle. 

In the cylinder pressure curve (figure 3), gas forces acting on the cylinder are measured 

in relation to the crank angle. The pressure curve is divided into four different sections to 

be examined. 
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3.1  Intake stroke 

During intake stroke, the piston travels from its highest position, top dead centre (TDC) 

to its lowest position, bottom dead centre (BDC) with the intake valve open and the 

exhaust valve closed. To increase the air inducted, the intake valves open shortly before 

the stroke starts and closes after it ends. As the piston moves downwards (figure 4), it 

creates increasing volume in the combustion chamber causing the pressure to decrease. 

The resulting pressure difference through the intake system from the high pressure created 

by turbocharger compressor to the low pressure inside the cylinder causes air to be pushed 

into the cylinder. (Pulkrabek 2004: 25; Heywood 1988: 10) 

 

Figure 4. Ingress of air as piston moves from TDC to BDC during the intake stroke. 

(Pulkrabek 2004: 26) 
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3.2  Compression stroke 

During compression stroke both intake and exhaust valves are closed and the piston 

moves up (figure 5) compressing the air to a small fraction of its initial volume and raising 

the pressure in the cylinder. When an engine piston compresses the charge, an increase in 

the compressive work causes heat to be generated. Near the end of the compression 

stroke, combustion is initiated as the air/fuel mixture is ignited. (Pulkrabek 2004: 25; 

Heywood 1988: 10) 

 

Figure 5. Piston moves from BDC to TDC compressing air during the compression 

stroke. (Pulkrabek 2004: 26) 
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3.3  Ignition and combustion 

Ignition or combustion is not generally considered as a stroke, but it is an important factor 

for this thesis and thus included for further examination. The effect of combustion in the 

cylinder pressure curve is shown in figure 6. There are a few different ways in which fuel 

ignites in Wärtsilä engines, as listed below. 

 

Figure 6. Diesel cylinder pressure curve with combustion together with the compression 

curve in relation to the crank angle. 

3.3.1 Diesel 

In diesel engine, the fuel is ignited with compression ignition. The rise in temperature and 

pressure during compression is sufficient to cause auto-ignition of the fuel. During the 

compression, the cylinder pressure rises up to 170bar. (Bosch 2007: 501) 

3.3.2 SG gas 

In a spark ignited gas engine (SG), the combustion event is initiated by an externally 

supplied ignition. The ignition is responsible of igniting the compressed premixed air/fuel 



18 

 

 

mixture at the right time. Ignition is done by producing an electric spark between the 

electrodes of a spark plug at the top of the combustion chamber. (Bosch 2007: 638) 

3.3.3 Dual fuel 

Wärtsilä dual fuel (DF) engine can run by either diesel or gas. DF engine running with 

diesel fuel has no significant difference compared to standard diesel engine. On gas-

mode, the operation of DF engine is different as the gas is ignited by a pilot injected diesel 

that is ignited by compression ignition. Therefore, no external spark ignition system is 

needed. (Wärtsilä wiki) 

3.4  Expansion stroke 

Combustion is a part of the expansion stroke, in this thesis it is investigated separately to 

see the effect only done by the combustion in the following pressure curves. During the 

expansion stroke both intake and exhaust valves are closed and the piston is at the top 

dead centre (TDC). This is approximately when the fuel is injected to the cylinder, 

ignition event occurs and the high-temperature, high-pressure gases push the piston down 

(figure 7) forcing the crankshaft to rotate. (Heywood 1988: 10) 

 

Figure 7. High pressure in the cylinder pushes piston from TDC to BDC during the 

expansion stroke.   (Pulkrabek 2004: 26) 



19 

 

 

3.5  Exhaust stroke 

The exhaust stroke occurs when exhaust gases are forced out of the cylinder and released 

to the exhaust manifold. When the exhaust stroke occurs, the exhaust valves are open and 

the intake valves are closed. As the piston reaches BDC during the power stroke, 

combustion is completed and the cylinder is full of exhaust gases. The cylinder pressure 

is substantially higher than the exhaust pressure and the exhaust gases are forced out of 

the cylinder together with the piston moving up from BDC to TDC pushing the gases to 

the exhaust manifold (figure 8). Slightly after TDC the exhaust valves close, the exhaust 

stroke ends and one operating cycle has been completed. (Heywood 1988: 11) 

 

Figure 8. Exhaust gases are pushed away from the cylinder as piston moves from BDC 

to TDC during the exhaust stroke. (Pulkrabek 2004: 26) 
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4. PARAMETERS AFFECTING THE CYLINDER 

PRESSURE CURVE 

The cylinder pressure curve is important factor in engine classification. The maximum 

cylinder pressure has been rising over the years and the power output of engines has been 

increasing. In addition, there has always been a need to manipulate the cylinder pressure 

curve to reach the desired design pmax pressures. The methods that affect the cylinder 

pressure curve the most are described in the following chapters. These are the factors that 

should always be mentioned in the cylinder pressure curve description. By adjusting any 

of the parameters listed in the following chapters, there is seen change in the cylinder 

pressure curve. 

4.1 Compression ratio 

Typically the gas engines compression ratios are lower compared to the diesel engines 

compression ratios, because the gas engines Otto-process air-fuel mixture can cause 

preignition or knocking. A change in compression ratio changes the compression curve 

after the intake valves are closed. The compression ratio is the quotient of the maximum 

and minimum cylinder volumes. The maximum cylinder volume occurs when the piston 

is at BDC. Respectively, the minimum volume occurs when the piston is at the TDC 

position, also called the compression or dead volume. The compression volume consist 

of the combustion chamber volume of the cylinder head, the valve pockets in the piston, 

a piston recess and the top land volume up to the upper compression ring. (Basshuysen, 

Schäfer 2004: 16) 
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The compression ratio of a four-stroke engine can be calculated by the following 

equation: 

ɛ = Vmax / Vmin       (1) 

Where  Vmin = compression volume or dead volume, at TDC 

  Vmax = cylinder maximum volume, at BDC 

Despite the higher efficiency, a higher compression ratio is also needed for the diesel 

engines to ensure reliable cold start. In general, the more the compression ratio increases, 

the better the thermodynamic efficiency. When operating in part load, a high compression 

ratio has a positive effect on the engine efficiency. Irrespective of this, the compression 

ratio is limited by the material strength limits at full load operation. (Basshuysen, Schäfer 

2004: 16) 

 

Figure 9. Effect of compression ratio (CR) on the cylinder pressure curve as a function 

of the crank angle. 

As seen in figure 9, there is a considerable difference in the peak pressure caused by the 

compression ratio. The difference in compression ratio changes the cylinder pressure 

curves’ compression and expansion strokes. The difference comes from the reduced 
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pressure caused by the low CR, as there is an equal amount of air but less compression 

done in the cylinder. 

4.2 Power and BMEP 

BMEP is a useful parameter when comparing engines with different size and speed. If 

torque is used for the comparison, larger engine will seem better. If engine power is used 

as the comparison, speed becomes important. (Pulkrabek: 53) 

The maximum BMEP of a good engine designs is well established, as it is essentially 

constant over a wide range of engine sizes. Therefore the BMEP that a particular engine 

develops can be compared with this norm. The effectiveness with which the engine 

designer has used the engines displaced volume can be assessed. For design calculations 

the required engine displacement volume that provides given torque or power at a 

specified speed can be estimated, by assuming appropriate values for BMEP of a given 

application. The power output can be calculated from the mean effective pressure together 

with engine speed and total piston displacement (Heywood 1988: 50; Basshuysen, 

Schäfer 2004: 355). 

Pe = Pme * n * VH  ∗
1

Z
      (2) 

Where: 

Z = 2 for four-stroke engine 

Pe = power 

pme = mean effective pressure 

n = engine speed 

VH = piston displacement 
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The indicated power output can also be calculated from the cylinder pressure curve. 

Indicated power including friction losses is the area between the cylinder pressure curve 

and the compression curve (figure 10) during the expansion stroke, in the power 

calculation the cylinder pressure curve area is integrated over and the moment is 

calculated with crank angle as torque arm. After the friction losses have been extracted, 

the power output of an engine remains.  

 

Figure 10. Power area in cylinder pressure curve as a function of the crank angle. 

4.3 Turbocharging 

A naturally aspirated engine intake air has the same density as the ambient atmosphere. 

This air density determines the maximum weight of fuel that can be burned and also the 

maximum power that can be developed by the engine. To increase the charge air density, 

a suitable (turbocharger) compressor can be applied between ambient air and the cylinder. 

This increases the weight of air introduced to the cylinder thereby allowing a greater 

weight of fuel to be burned. By burning more fuel, a higher engine output can also be 

obtained. With turbocharging, three times the power or more can be delivered compared 
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to naturally aspirated engines and even higher output ratios can be achieved on engine 

types featuring two-stage turbocharging. (Woodyard 2009: 173, 175) 

The charge air compression is achieved in most modern diesel engines by exhaust gas 

turbocharging (figure 11) in which a turbine wheel driven by the exhaust gases from the 

engine is coupled with a centrifugal type of an air compressor. This compressor creates 

high pressure in the engine intake receiver, where the pressurized air is introduced into 

the cylinder through open intake valves. About 35 percent of fuel total heat energy is 

wasted to exhaust gases. By using the energy in these gases to drive the compressor, the 

charge air density can be effectively increased. There are many advantages in using an 

exhaust gas turbocharger system: (Woodyard 2009: 173-174) 

 reduction in initial engine cost 

 cleaner emissions 

 enhanced engine operating flexibility 

 reduction in specific fuel consumption at all engine loads 
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Figure 11 Basic arrangement of exhaust gas turbocharging. M: diesel engine; Q: charge 

air cooler; T: turbocharger turbine; V: turbocharger compressor. (Woodyard 2009: 174) 

4.3.1 Two-stage turbocharging 

While a small turbocharger limits the engine maximum speed and load, a large 

turbocharger lacks the low-end power output which results in turbo-lag. Two 

turbochargers that operate in series or in parallel can be used to overcome these problems. 

When used in parallel, small turbochargers eliminate turbo-lag but both compressors 

provide the same pressure ratio, and that is limited by the maximum pressure ratio of the 

smaller turbocharger compressor. Using turbochargers in parallel is called sequential 

turbocharging. The best way to use turbochargers is in serial configuration to maintain 

high boost pressures. This is called two-stage turbocharging. In a two-stage system, the 
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high pressure (HP) turbocharger is smaller than the low-pressure (LP) one. Better 

transient response is achieved with this system at low speeds because of the small 

turbochargers’ reduced inertia. The low-pressure turbocharger is large and optimized for 

maximum power output. The high-pressure turbine is controlled either by a variable 

nozzle area or a bypass valve while the low-pressure turbine is usually a fixed geometry 

turbine. Figure 12 shows a dual two-stage turbocharger system with HP turbochargers on 

the front. (Galindo et al. 2010: 1958-1959) 

 

Figure 12. Two-stage turbocharging system of W32 engine. (Wärtsilä intranet) 

4.4 Valve timing 

Valve timing is a method which is used in Wärtsilä engines to achieve variation in engine 

cylinder fill rate by adjusting the closing time of the intake valves. There, is also a method 

to cool the cylinder from exhaust gases by allowing variable exhaust valve closing (VEC). 
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VEC is not included further in this thesis as it does not affect the cylinder pressure curve 

notably. 

4.4.1 Miller cycle 

The Miller cycle is based on reducing the compression ratio compared to the expansion 

ratio by adjusting the valve timing. This can be done by closing the intake valves late 

after the bottom dead center (BDC), which is called the late intake valve closing (LIVC) 

version, or the Miller cycle condition can also be obtained by an early closure of the intake 

valves during the intake stroke before BDC, which is called the early intake valve closing 

(EIVC) version. The goal of Miller cycle is to decrease combustion temperatures as well 

as NOx emissions. (Gonca et al 2015: 11) 

With shorter compression ratio and relatively greater expansion ratio, it is possible to 

extract more energy from the combustion process without using more energy for 

compression. In other words, when using the Miller cycle, the dynamic compression ratio 

can be kept to a level that prevents knocking (gas engines), while the expansion ratio is 

kept at a high level which ensures good efficiency. (Zhao, Chen 2006: 2051) 

In the Miller cycle, the engine compression ratio is lowered either by the aforementioned 

variable intake valve closing or by re-opening the exhaust valve. This can be done using 

three different methods: (Isaksson 1999: 6; Mavinahall et al 1996: 3) 

 Late intake valve closing (LIVC) 

 Early intake valve closing (EIVC) 

 Re-opening of the exhaust valves during the compression stroke 
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Early intake valve closing 

Closing the intake valve at an early stage before the compression stroke, 0º-100º before 

BDC, results in air expansion as the volume is increased after valve closing by the piston 

moving down. This expansions decreases air temperature until the beginning of the 

compression stroke. During the time period between the intake valve closing and the start 

of effective compression, heat transfers from piston top, cylinder walls and cylinder head 

to the trapped air, but at the end of the compression the air temperature will be lower 

compared to standard engine. In the EIVC method, the compression work starts at the 

same piston position on compression stroke as the intake valve was closed on intake 

stroke, when in standard engine the compression stroke starts at about BDC. The shorter 

intake stroke causes lowering of the compression ratio, which is achieved by reducing the 

amount of air trapped into the cylinder. (Isaksson 1999: 8-11; Knuuti 2007:19) 

Late intake valve closing 

When the intake valve is closed very late (60º - 100º after BDC), part of the intake air is 

allowed to return past the intake valve back into the intake port. Since the charge pressure 

should be higher compared to a standard engine, the cylinder pressure should be about 

equal to standard engine within the same piston position. However the compression work 

in the cylinder will be smaller than normal due to LIVC and the temperature will also be 

lower because only minor compression has occurred. The decrease in temperature results 

in reduction of NOx emissions that are formed in high temperatures. (Isaksson 1999: 6,7; 

Knuuti 2007:19) 

Re-opening of the exhaust valve 

Re-opening of the exhaust valve during the compression stroke has the same influence as 

keeping the intake valve open past BDC. This way the temperature at the end of the stroke 

is lower than with a full length compression stroke. This is the most uncommon method 

of compression ratio reduction. (Isaksson 1999: 11; Knuuti 2007:19) 
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All the three abovementioned methods have the same result: the Miller cycle has a shorter 

effective compression stroke than an ordinary cycle. If the intake air temperature is kept 

the same as with normal compression stroke, by the end of the compression the 

temperature is lower and NOx emissions are reduced. The method used in Wärtsilä 

engines is based on method one, early intake valve closing. 

 

Figure 13. Effect of Miller timing on cylinder pressure curve as a function of the crank 

angle. 

Two pressure curves, one with Medium Miller timing and one with high Miller timing, 

are shown in figure 13. The Miller timing indicates how far before BDC the intake valves 

are closed. In high Miller timing the intake valves close earlier before BDC. When 

comparing the pressure curves, there is no difference during the compression and 

expansion strokes. However, there is a difference between these pressure curves during 

the intake and exhaust strokes. The reduction in the intake valve opening allows less air 

to be introduced into the cylinder. This is why higher charge air pressure is often used 

together with Miller in order the reach equal amount of intake air introduced. The 

difference in cylinder pressure curves comes from the different charge air pressures. On 
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high Miller curve, there is higher pressure on the intake and exhaust strokes due to high 

charge air pressure. 

4.4.2 Variable intake valve closing (VIC) 

 

Variable intake valve closing is a system developed by Wärtsilä for the improvement of 

part load performance. An alternative valve closing timing can achieve a better load 

acceptance, lower thermal load and smoke reduction. By variable intake valve closing 

timing, the valve closing can be moved closer to BDC (figure 14) to achieve a longer, 

effective compression stroke. As a result, a higher combustion temperature is gained with 

more complete combustion. (Lundin 2010: 36; Mulder 2009) 

 

Figure 14. Influence of VIC to intake valve opening. (Lautamäki, Pohjanpalo-Flinck 

2013) 

For optimizing the highest possible Miller timings, a multiple step VIC system can be 

used for different engine loads with no problems at lower loads or during start-up. The 

standard VIC system is called two-step-VIC, there are two different valve closing timings. 

Three different valve closing timings can be used in three-step-VIC. (Lundin 2010: 36) 
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Figure 15. Effect of VIC timing at 50% Load on cylinder pressure curve. 

The effect of Variable intake valve closing (VIC) during 50% load is shown in Figure 15. 

The pressure rises notably during the compression and expansion stroke compared to the 

VIC off condition. The maximum cylinder pressure difference is about 25 bar between 

these two curves. With VIC timing, not only the pmax is changed but also the power 

output and BMEP. 
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5. PEAK CYLINDER PRESSURE 

Engine component dimensioning is based on the design cylinder pressure curve, where 

the cylinder peak pressure value is often mentioned as the most important parameter. 

Normally engines are type approved for certain design peak cylinder pressure (pmax) and 

power output values. The operating engine peak cylinder pressures are always lower 

compared to the design cylinder pressure values. To achieve design pressure curves, 

cylinder pressure can be increased with several different methods, for example by 

adjusting the injection timing, changing the amount of fuel to be burned or by changing 

the heat release time. The target in increasing the peak cylinder pressure is to retain the 

power and BMEP (brake mean effective pressure) at the same level or otherwise the 

cylinder pressure curve increases also the engine load, which is not desired. The 

parameters that influences pmax are listed in the following chapters.  Several methods are 

used to reach the design cylinder pressure curves.  

 

 

Figure 16. Effect of different parameters on the cylinder pressure curve. 
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Figure 16 illustrates two cylinder pressure curves that have the same pmax value but 

differences in three parameters: different heat release, charge air pressure and Miller 

timing. As a result, there are differences in the pmax location in the crank angle, the 

compression stroke pressure and the expansion stroke pressure. It is shown that the 

pressure curve shape can be different regardless of the same pmax. Adjusting either the 

charge air pressure, Miller timing or heat release time, the pressure curve shape can be 

changed while maintaining the same pmax value. With change in Miller timing there is 

change in the cylinder pressure curve during compression, as the amount of air introduced 

into the cylinder is changed. The no Miller curve is higher during the compression and 

expansion strokes, because the intake valve remains open for a longer time and there is 

more air compressed and burned. Thus there is also larger expansion. The charge air 

pressure generally raises the cylinder pressure during the compression stroke. However, 

with Miller timing applied there is seen no rise in cylinder pressure caused by charge air 

pressure.  With shorter heat release time the cylinder pressure decreases faster compared 

to the longer heat release curve. A change in heat release time changes the curve during 

the maximum pressure sector.  

Compression ratio allows more compression pressure to be generated and also higher 

cylinder pressures. As there is less combustion chamber volume in the cylinder during 

TDC and the introduced air amount remains the same, the cylinder pressure is increased. 

This high compression pressure together with combustion creates a much higher peak 

cylinder pressure. 

There can also be a difference in peak cylinder pressure caused by the different fuel types. 

As a result of gas fuel burning faster than diesel, the cylinder pressure rises faster and the 

combustion is shorter compared to the diesel. On the other hand, diesel with its slow 

burning rate has a longer heat release and continues to cause high pressure during the end 

of the expansion stroke.  
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5.1  Fuel injection timing on crank angle 

Fuel injection timing is one important factor when considering peak cylinder pressure. It 

is a good factor when modifying measured cylinder pressure curve to reach high design 

pmax values for dimensioning purpose. This is because by adjusting the diesel engines 

fuel injection timing it changes the cylinder maximum pressure area. This is desired when 

it is wanted reach high design pmax pressures without increasing the cylinder pressure 

curve in other sections. Injection timing changes the also the expansion stroke but this is 

a small change compared to the change in pmax.  

 

Figure 17. Pressure curves with different timing as a function of crank angle. 

By setting the timing early, the cylinder maximum pressure is reduced (figure 17). By 

setting the timing later, there is an increase in the maximum cylinder pressure. It should 

be noted that sometimes when advancing the injection timing the cylinder pressure may 

increase instead of decrease, this depends on the original timing used in which the 

advancing is compared to. 
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6. CYLINDER PRESSURE CURVES 

In this chapter, the chosen pressure curves show the effect of different conditions to 

cylinder pressure curve. The pressure curves have been chosen due to their significant 

influence on the cylinder pressure curve dimensions and shape. The three curves together 

with the diesel reference pressure curve (figure 18) are used in the big end bearing (BEB) 

oil film, piston and crankshaft stress calculations.  

 

Figure 18. Chosen 4 cylinder pressure curves in relation to crank angle. 

The reference curve has medium charge air pressure, medium Miller and high CR. The 

two-stage curve has high charge air pressure, high Miller and high CR. The gas pressure 

curve has medium charge air pressure, medium Miller and medium CR. The 110% load 

curve has slightly higher charge air pressure compared to reference, medium Miller and 

high CR. 
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6.1 Charge air pressure and Miller timing 

Rise in charge air pressure together with Miller timing has an effect during gas exchange 

phase of the pressure curve (figure 19), this is when the intake valve opens and 

pressurized air comes in, during 0 to 180 crank degrees  

 

Figure 19. Effect of charge air pressure and Miller timing on cylinder pressure curve as 

a function of the crank angle. 

Charge air pressure increases the cylinder maximum pressure when Miller timing is not 

used. Together with Miller timing no rise is seen in cylinder pressure during the 

compression and expansion stroke. At the exhaust stroke when the exhaust valves open, 

there is seen the exhaust backpressure in the cylinder pressure during 540 to 720 crank 

degrees. This backpressure is created by turbocharger as it uses exhaust gas pressure to 

drive the compressor wheel. With high charge air pressure the turbocharger generates also 

high exhaust backpressure. This exhaust gas pressure is seen in the cylinder as the exhaust 

valves are open. 
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6.2 Gas fuel 

The diesel cylinder pressure curve (figure 20) has higher pressure during the compression 

and expansion stroke. The difference during compression stroke comes mostly from 

difference in compression ratio (diesel engine has higher CR), as there is less compression 

done and less generated pressure on the gas fuel curve. During the expansion stroke the 

difference comes partly from gas fuels faster fuel combustion, the heat release is shorter 

compared to diesel engine, but there is also less pressure resulted from lower compression 

ratio. The peak cylinder pressure is the same on both curves, however power output is 

higher on the diesel engine. 

 

Figure 20. Difference between gas and diesel engine pressure curve on crank angle 

function. 
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6.3  110% load diesel 

As shown in figure 21, the peak cylinder pressure is larger compared to the reference in 

a diesel engine operating at 110% load. On the 110% load curve, the expansion stroke 

produces also higher pressure and therefore more power is generated. The difference 

between the 100% and 110% loads comes from the higher charge air pressure and higher 

power output of the 110% load curve. However, the difference in charge air pressure is 

so small that it cannot be seen on the pressure curve.  

 

 

Figure 21. Difference between 110% load and reference pressure curve in relation to 

crank angle. 
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7. ENGINE COMPONENTS 

The pressure curves used for the component dimensioning calculations are now chosen. 

A total of seven pressure curves are used for crankshaft IACS bending and maximum 

allowed torsional stress calculations. Four different pressure curves are used for the 

crankshaft torsional vibration calculations. Four different pressure curves are also used 

for the piston calculations. The chosen components are all part of the crank mechanism 

that is introduced in the next chapter. 

7.1 Crank mechanism 

Crank mechanism is a functional group that transfers oscillating movement into rotary 

movement. The crank mechanism (figure 22) consists of pistons with piston rings, piston 

pins, connecting rods, crankshaft with counterweights, bearing and the lubricant. 

(Basshuysen, Schäfer 2004: 47) 

Each part of the crank mechanism execute various movements. The piston oscillates back 

and forth in the cylinder. The connecting rod has two tasks: its small upper eye is 

articulated with the piston pin and it moves back and forth while its big connecting rod 

eye is articulated to the crank pin and it rotates as the crankshaft rotates. 
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Figure 22. Wärtsilä W32 in-line engine crank mechanism parts. (Wärtsilä intranet) 

7.2 Piston 

The primary task of the piston is to receive gas expansion forces and transfer them into a 

rotating force of a crankshaft via the connecting rod. The secondary task of the piston, 

together with piston rings, is to seal the cylinder combustion chamber during expansion 

pressure and achieve the least possible pressure and lubrication oil losses. Piston also has 

a task of transferring heat from the combustion chamber towards the cylinder wall and 

lubrication oil. In addition, the piston also receives sideways movement according to the 

rotating crank mechanism. (Kleimola M. Pohjanpalo Y. 1981: 146-154) 
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There are two different types of forces that affect piston dimensioning: mass forces and 

gas forces. In this thesis piston is chosen as a component that is directly in contact with 

the cylinder pressure and faces the maximum cylinder pressure. 

To carry out all the tasks required from a piston, it needs especially good tribological 

characteristics. The tribological requirements are good resistance to wear, good break in 

characteristics, little shearability and good emergency running conditions with small 

frictional resistance. To accomplish these requirements, the piston must maintain its form 

under running conditions and its heat expansion must be small. (Kleimola M. Pohjanpalo 

Y. 1981: 146-154)  

 

Figure 23. Wärtsilä medium-speed engine piston. (Wärtsilä intranet) 

Wärtsilä medium-speed four-stroke engine piston (figure 23) consist of separate piston 

crown that is typically made from steel and piston skirt that is made from cast iron or 

steel. The piston crown accepts combustion chamber heat load and cylinder gas pressure. 

Therefore is requires strength, strength in piston crown increases piston mass and reduces 

heat conductivity. Increased mass also increases mass forces and piston joint loads. 

(Istolahti 2013: 16) 
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Figure 24. Forces acting on piston top and side 

Forces acting on piston (figure 24) can be written as: 

Fk=pcyl ×
𝜋×𝐵2

4
    (3) 

Fsk = Fk ∗ (
𝜆 ∗sin α

√1−𝜆2∗sin2 α
)  (4) 

Where 

pcyl = cylinder gas pressure 

B = cylinder diameter 

Fk = piston gas force 

Fsk = piston side force 

α = crank angle 

λ = connecting rod ratio (l/r) 
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where 

l = distance between connecting rod big end and small end centre points 

r = crankshaft half-stroke 

 

In figure 25 is seen the gas force Fk from different engine operating modes acting on 

piston crown. The maximum cylinder pressure is the main factor that guides piston 

dimensioning. Therefore the 110% load diesel pressure curve has the most significant 

impact on piston dimensioning. The two-stage diesel, diesel reference and gas fuel has 

equal peak value and they affect the piston with equal force. 

 

Figure 25. Gas forces acting on piston as a function of the crank angle. 

 

 

0

500

1000

1500

2000

2500

0 180 360 540 720

Fo
rc

e 
[k

N
]

Crank angle [deg]

Diesel reference Diesel 2-stage Gas fuel 110% Load diesel



44 

 

 

 

 

 

 

Figure 26. Gas force acting on piston side in relation to the crank angle. 

 

In figure 26 the force Fsk is seen acting on the piston side, on piston skirt. During the 

intake stroke the piston is forced towards the cylinder wall and there is little or no 

difference between the four curve values. After intake valves close and the piston moves 

up compressing the charge air, the piston is forced to the cylinder wall by the compression 

pressure of the cylinder. At around 300 crank angle degrees there is seen difference 

between the calculated forces, gas fuel force is less compared to the other curves, two-

stage and reference curves have similar force and 110% load curve has slightly higher 

negative force. During expansion stroke as the fuel ignites the piston is forced to the 
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cylinder wall by cylinder gas pressure. As the combustion continues there is seen clear 

difference on the force curves at peak value, gas fuel curve is about 20 bars less compared 

to reference, although the cylinder maximum pressure is the same on both curves. The 

two-stage and reference curves are the same, the 110% load curve is about 10 bars higher 

compared to reference. The force curve values are close to each other as the exhaust valve 

opens slightly before BDC. During exhaust stroke there is seen difference only on the 

two-stage curve, this comes from the high Miller timing that is used.  

7.2.1 Piston dimensioning 

Piston is a component that faces the combustion chamber directly thus accepting all the 

cylinder pressure to its piston crown surface area. Piston is dimensioned for the maximum 

pressure that it accepts during the peak cylinder pressure at combustion. When 

dimensioning a piston, the piston side force acting on the piston skirt should also be taken 

into consideration. The piston also accepts thermal load from the combustion which is 

included in the piston dimensioning. Thermal loads are not taken into consideration in 

this thesis. 

7.3  Crankshaft 

The crankshaft shown in figure 27 is a part of the crank mechanism. Its task is to transform 

the reciprocating up- and downward movement of the piston into a rotary motion.  
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Figure 27. Wärtsilä W32 in-line 6 cylinder engine crankshaft. (W32 engine presentation) 

7.3.1 General 

Wärtsilä uses forged crankshaft made from quenched and tempered low alloy steel. 

Marine engine crankshafts have to fulfil the classification society requirements. All main 

classification societies have common IACS rules, which all classes have approved. In this 

thesis the crankshaft safety analysis is based on the IACS M53 rules that constitute the 

most commonly used crankshaft requirement for four-stroke medium speed engines. M53 

rules are based on analytic stress concentration factors for fillet radiuses separately for 

bending and torsion. At the end, Von Mises criteria is used to combine the bending and 

torsional stresses. 

The calculation is based on a system which is determined statically, composed of a single 

crankthrow supported between two adjacent main journals and subject to gas and inertia 

forces. For bending moment the bending length is taken as the length between the two 

main bearing midpoints. The calculations are done for V-engine crankshaft as there is 

important torsional vibration and bending stress caused by the pressure curve overlap due 

to engine V-angle between A-bank and B-bank. This occurs only on engines with 

consecutive firing order, where A and B bank firing orders occurs in the same crank 

rotation. This is when for example the A-bank cylinder fires and the cylinder pressure 
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still remains high as the B-bank cylinder fire, this force together creates higher forces in 

the crankshaft than just only one cylinder firing. 

Crankshaft fatigue strength safety analyses through the IACS M53 calculation process 

are presented in figure 28. First the engine geometry, operation data and cylinder pressure 

are given to the IACS calculation tool. The result is the crankshaft stress amplitude at 

fillet radiuses with the maximum allowed torsional stress amplitude. This stress amplitude 

still fulfils the required safety factor set by the calculation tool. Later on, the actual 

crankshaft torsional vibration amplitudes are calculated with a separate program for each 

engine project. As a final results, the actual torsion amplitude must be lower compared to 

the maximum allowed value given by IACS M53.  

 

 

Figure 28. IACS M53 crankshaft calculation principle. 

7.3.2 IACS Bending stress amplitude 

The bending of crankshaft is caused mainly by the engine cylinder gas pressure. During 

the peak pressure at combustion event the crankpin is pushed downwards and the crank 

webs are forced to open, there is little or no transformation on the crank pin. This bending 
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force creates stress concentration on the crank web fillet radiuses. The maximum stress 

caused by bending occurs in the fillet radius between the crank pin and the crank web and 

between the main journal and the crank web. In the figure 29 there is on the left side IACS 

calculation nominal shear force and nominal bending moment distribution, there can be 

seen that on V-engine A and B bank crank bending moments are different. On the on the 

right side there is finite element method calculated stress concentrations, there can be 

seen that stress concentrations are very steep and high stressed area is small on depth 

direction. On torsion high stressed area is bigger and stress area is wider and stress 

concentration on depth direction decreases slower. 

 

 

Figure 29. Calculation example of IACS M53 calculation tool. (Wärtsilä intranet) 
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7.3.3 Torsional stress amplitude 

Torsion forces creates stress concentration on crankshaft crank web fillet radiuses. This 

is mainly caused by the engines individual cylinder gas forces acting on the crankshaft. 

Torsional stress and torsional vibration calculation for the crankshaft is performed using 

Wärtsilä dedicated in-house software Torsio. This calculation is based on the international 

standard ISO 30565 “Reciprocating internal combustion engines-part 5: Torsional 

vibrations”. The starting values for Torsio calculation are the harmonic excitation forces 

calculated with cylinder pressure and geometry of crank mechanism. A model for 

crankshaft calculations is presented in figure 30. All the cranks are calculated individually 

with their damping properties, rotational mass inertias and torsional stiffness, after that 

they are added up and the properties of the coupling and generator are calculated. 

 

Figure 30. Model of engine crankshaft torsional vibration and torsional stress calculation. 

(Wärtsilä intranet) 
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7.3.4 Crankshaft torsion excitation force 

The crank mechanism of a diesel engine is loaded with a force Fp on the piston pin. This 

piston pin force is transferred by the connecting rod to the crankshaft and it is divided 

into Fradial and Ftangential (figure 31). (Kuiken 2008: 447) 

 

Figure 31. Forces acting on crank mechanism. (Kuiken 2008: 447) 

The crankshaft tangential force Ftangential is a force that rotates the crankshaft clockwise. 

For the crankshaft calculations the torque Tcrankshaft shown in figure 32 is from the Ftangential 

force with crankshaft half-stroke (r) as a control arm. The figure 32 shows the variation 

of the moment where positive torque forces the crankshaft to rotate clockwise and the 

negative torque forces the crankshaft to move counter-clockwise. The engine is assumed 

to rotate clockwise. 
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Figure 32. Torque Tcrankshaft acting on a crankshaft over 4-stroke cycle. 

The crankshaft’s torque Tcrankshaft is an important factor considering crankshaft 

calculations. The torsional vibration is high during the compression and expansion 

strokes, when the charge air is being compressed and it makes force that tries to slow 

down the crankshaft rotation. After TDC the force changes direction and it forces the 

crankshaft to rotate clockwise as desired. Between the different operating modes, the gas 

fuel Tcrankshaft curve has much lower peak values compared to the other ones. This is a 

result from the different shape of the cylinder pressure curves. Even though the pmax is 

the same on diesel reference and gas fuel pressure curve, the peak pressure remains for 

shorter period and on both compression and expansion strokes the pressure is lower. On 

Tcrankshaft the peak is about 15 % lower on gas fuel curve. Another curve that points out 

from the figure is the 110% load curve. The higher charge air pressure and the higher load 

increases the peak values of the crankshaft torque curve. 
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7.3.5 Crankshaft calculation results 

The results of the IACS M53 calculations for the chosen pressure curves are shown in 

table 1. The classification calculation gives the maximum allowed torsional stress that the 

actual torsional stress must not exceed. The crankpin bending stress is the actual value 

that is generated with the given material and dimensions. 

 Table 1. Crankshaft IACS calculation results showing the difference in crankshaft 

dimensioning according to different pressure curves. 

Cylinder 

pressure curve 

Diesel 

reference 

Diesel 

2-stage 
Gas fuel 

Diesel 

110% 

load  

No 

Miller, 

low 

charge 

air 

pressure 

Diesel 

low 

CR 

Diesel 

early 

timing  

Max cylinder 

pressure [bar] 
230 230 230 242 230 180 210 

Crankpin 

bending stress 

compared to 

reference [%] 

100 100 98 105 103 78 91 

Max torsional 

stress allowed 

related to crank 

pin diameter  

compared to 

reference [%] 

100 100 103 86 93 130 114 

Maximum 

torsional stress 

compared to 

reference [%] 

100 97 92 107 - - - 
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From the table 1 can be seen how the crankpin bending stress changes according to the 

different pressure curves. The bending stress is almost the same for the reference, high 

miller and gas engine pressure curves. This is not quite obvious considering the difference 

in gas fuel that is seen on the crankshaft torque curves and difference in the calculated 

torsional stress (figure 33). The bending stress is low, as expected, for the low CR curve. 

For the early timing curve, the peak cylinder pressure is 210 bar and the bending stress is 

lower compared to the reference with 230 bar cylinder pmax. In the pressure curve with 

no Miller there is a higher bending stress compared to the reference even though the 

cylinder pmax is the same. The reason for this is the high charge air pressure together 

with no Miller timing used. The pmax is higher for the 110% load curve and therefore the 

bending stress is also higher. The maximum allowed torsional stress related to the 

crankpin diameter is a result from the bending stress calculations. It should be noted that 

the higher value is better considering crankshaft dimensioning. The two-stage and 

reference values are the same as expected. The low CR has the highest allowed torsional 

stress as a result of the low pmax. The diesel curve with early timing has also a lower 

pmax and the allowed torsional stress is higher, however, the curve without Miller has 

the same pmax but the allowed torsional stress is lower. This is because on V-engine 

during overlap as the engine A-bank expansion and B-bank combustion occurs at the 

same time, the no Miller pressure curve has higher total pressure and therefore has less 

torsional stress allowed. The allowed torsional stress is also lower in the 110% load diesel 

curve, which has higher pmax. 

The torsional vibration is calculated by the nominal engine running speed, shown in figure 

33. The cylinder pressure curve pmax values have relation to the torsional stress results. 

The maximum stress is the sum of torsional stresses with different order. The gas fuel has 

less torsional stress despite the fact that it has same pmax as a reference. 
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The calculation of crankshaft vibration is carried out with a) ideal firing, and b) full 

misfiring of one cylinder. The calculation is carried out over whole engine operating 

speed range. As a result, the Torsio program gives the vibratory torsion and vibratory 

stress amplitudes (Figure 33). This stress is then compared with the maximum allowed 

torsional stress from the IACS M53 calculations (table 1). The crankshaft fulfils the 

comparison assuming that the vibratory stress amplitude during misfiring and over the 

speed range is less than the maximum allowed torsional stress. (Wärtsilä intranet) 

 

Figure 33. Crankshaft maximum torsional stress calculated by the Torsio program. 

Crankshaft strength calculation consists of determining the nominal alternating bending 

and nominal alternating torsional stresses which, multiplied by stress concentration 

factors, result in an equivalent alternating stress. The resulted alternating stress is then 

compared with the fatigue strength of the selected crankshaft material. This comparison 

shows whether or not the crankshaft is dimensioned adequately. 
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7.4 Bearings 

Bearings are components, like crankshaft and piston which are to be dimensioned with 

the complete cylinder pressure curve. In this thesis they are good components to be 

inspected as there is clear effect seen on the results from any difference in the cylinder 

pressure curve. 

7.4.1 Radial plain bearing 

The shafts that are used in multicylinder internal combustion engines, the crankshaft, the 

connecting rod, the piston gudgeon pin, valve train and balancers generally run in radial 

plain bearing. The reasons for selecting plain bearing include their great ability to 

withstand gas load impact and their damping properties, easy division for assembly, low 

space requirements and low costs. (Basshuysen, Schäfer 2004: 224) 

7.4.2 AVL Excite 

AVL Excite is a simulation program (figure 34) that can calculate dynamically loaded 

plain bearing. This thesis focuses on calculating the connecting rod big end bearing (BEB) 

and the calculations are based on hydrodynamic lubrication. It is assumed in the 

calculations that bearing components are rigid and there occurs no transformation.  
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Figure 34. AVL Excite software calculation illustration. (AVL List GMBH) 

 

7.4.3 Hydrodynamic lubrication 

In hydrodynamic lubrication, a liquid between two surfaces is separated by hydrodynamic 

pressure using two different ways as shown in figure 35:  

- A liquid is carried in to a tapering gap which surfaces move tangentially to 

each other. 

- Surfaces approach each other causing the liquid to squeeze through a small 

gap between surfaces. 
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Figure 35. Hydrodynamic pressure develops between surfaces according to two methods: 

a) tapering gap b) squeezed out effect. (Kivioja et al. 2007: 131) 

 Above-mentioned hydrodynamic pressure distribution in lubrication liquid between the 

surfaces can be studied by Reynolds differential equation. Reynolds equation can be lead 

from the Navier-Stokes differential equation or using viscous flow and the continuity of 

mass principles. Reynolds equation used in the calculations is presented as: (Kivioja. et 

al. 2007: 131-134) 

𝜕

𝜕φ
(ℎ3 ∗

𝜕𝑝

𝜕φ
) +

𝜕

𝜕𝑧
(ℎ3 ∗

𝜕𝑝

𝜕𝑧
) = 6ɳ((𝑈2 − 𝑈1) ∗

𝜕ℎ

𝜕𝑝
 + 2 ∗

𝜕ℎ

𝜕𝑡
) (5) 

Where: 

φ = sliding direction 

h = oil film thickness 

p = oil film pressure 

z = sliding surface transverse direction 

ɳ = lubricating oil viscosity 

U1=relative velocity of bearing journal [m/s] 

 

U2=relative velocity of bearing bore [m/s] 
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Reynolds equation includes the following assumptions: 

- Lubrication material is a Newtonian fluid 

- Flow is laminar 

- Lubricating oil sticks completely to the sliding surfaces 

- Lubrication oil is incompressible 

- Pressure is constant in the direction of the oil film thickness 

- Lubrication oil inertia is not taken into account 

- Surface radius of curvature is large compared to oil film thickness 

- Oil film viscosity is constant 

Oil film thickness and oil film pressure are the results from solving the Reynolds equation 

and these are vital components when considering plain bearing. (J. Autio 2006: 29-30; 

Kivioja S, et al 2001: 131-134) 

7.4.4 Bearing calculation results 

The two most important results from bearing calculations are the minimum oil film 

thickness (figure 36) and peak oil film pressure (figure 37) acting on the radial plain 

bearing. All the calculations are done to the connecting rod big end bearing (BEB). In the 

orbital on figure 37, the points in the middle indicate low load and points located in the 

outer circle indicate high load. The location of the points also indicates the bearing load 

location. Both minimum oil film thickness and peak oil film pressure curves are 

calculated with 100% load and mass and gas forces are included. 
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Figure 36. Minimum oil film thickness curves with different points to describe the orbit 

at different crank angle. 

 

Figure 37. Peak oil film pressure curves with different points to describe the loads and 

orbit at different crank angle. 

To investigate the results further the curves are separated into sections that are examined. 

Gas exchange takes place during 0-180 and 540-720 crank angle (CA) degrees. At 90 

degrees the peak oil film pressure reaches its minimum value and the oil film thickness 

reaches its local peak value. After 90 degrees the oil film thickness and pressure continues 

to reduce all the way to 290 degrees where it increases sharply due to the change in 
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bearing contact point as shown in figure 36 orbit. This is where the gas forces become 

larger than the mass forces and the contact point motion changes its direction. This  

increases the oil film thickness and peak oil film pressure for a short period. The oil film 

thickness reaches its maximum point just before 360 degrees at a point, where the contact 

point is changed from the side of the bearing to the top due to gas forces. This jump 

increases the oil film thickness and also decreases the oil film pressure.  

During 360-450 CA degrees the peak gas pressure force occurs towards the upper bearing 

shell causing maximum oil film pressure and reduced oil film thickness due to fuel 

combustion. This is the point where the load reaches its highest value at the top of the 

upper bearing shell. During mass load at 630 degrees the oil film wears out as the contact 

point remains on the upper shell for a long period of time. The absolute minimum of the 

oil film thickness takes place at 630 degree. This point is critical on bearing dimensioning, 

where the lubrication situation is required to be hydrodynamic. After 630 degrees the 

contact point orbit moves to the lower bearing shell and one working cycle is completed. 

For the oil film pressure and thickness curves the reference pressure curve is from the 

diesel engine with high CR and medium Miller. It is given as a reference to which the 

other pressure curves are compared to. The two-stage turbocharged pressure curve does 

not change notably compared to the reference. There is only difference during the gas 

exchange during the intake and exhaust strokes, at around 0 to 60 degrees and around 580 

to 620 degrees. The difference is only a few MPa. On a 110% load curve there is seen 

significant difference during the expansion stroke, when the cylinder pressure reaches its 

peak pressure. Oil film pressure also reaches its maximum when the 110% load curve has 

about 25 MPa more oil film pressure compared to the reference. The gas fuel oil pressure 

curve has a few notable difference compared to the reference, the oil film pressure is 

lower during the start of the compression and during expansion. This is when the oil film 

pressure and cylinder pressure reaches its maximum, the pressure difference is around 

35MPa even though the maximum cylinder pressure is the same 230bar on both curves. 

This result is not quite expected. 
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Figure 36 show how the different pressure curves affect the minimum oil film thickness. 

The goal is to have as thick oil film as possible to avoid damage on the bearing. The 

differences between the oil film thickness curves are almost the same as the differences 

in the cylinder pressure curves. However, the gas fuel cylinder pressure curve has the 

same pmax as the reference, but there is difference in oil film thickness during pmax at 

around 380 degrees. Compared to the reference, the diesel 110% load pressure curve has 

a higher maximum cylinder pressure during firing and expansion. There is no difference 

in the oil film thickness during firing which would be expected. 
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8. ENGINE OPERATION AREA 

Wärtsilä engines are designed for a large operation area on both running speed and load. 

On power plants the desired operation area is called the grid code. The engine needs to 

stay connected to the electrical grid and generate the load even if the grid frequency or 

load request is changing. This situation is typical on small islands that have their own 

separate electrical grid, or in countries where grid control is inaccurate and there are 

fluctuating electricity requirements.  

On marine engines, the operation area is called the propeller curve area. Depending on 

the ship propeller type, the engine produces power through the generator, through the 

controllable pitch propeller (CPP) or through the fixed pitch propeller. If electrical 

propulsion is used, the engine can always run at constant rotation speed and change the 

propeller speed by adjusting the load only. If a CPP propeller is used, the engine can 

operate on a wide area between the fixed pitch propeller line (figure 38) and the constant 

speed line. If the fixed pitch propeller is used, the engine has to change load by rotating 

both speed and power together. 
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Figure 38. Marine engine operating propeller curve. 

A change in any engine operation mode has an effect on the cylinder pressure curve. 

Depending on the engine operation mode, the change can be on both rotating speed and 

mass load together with the cylinder pressure curve, or the change is only on the cylinder 

pressure part. Changes can be on all different pressure curve areas due to difference in 

fuel injection, charge air pressure or valve timing. The change in pressure curves and 

mass loads should be always considered in the component dimensioning rules.   
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9. SUMMARY 

All the components and parameters investigated in this thesis are collected to table 2, this 

table gives information about the chosen component dimensioning. The results are from 

the calculations and curves of this thesis. The different pressure curves are compared to 

reference curve and the results are given as difference in percentage. 

Table 2. Summary of the results calculated in this thesis according to different pressure 

curves. 

Cylinder pressure 

curve 

Diesel 

reference 

Diesel 2-

stage 

Gas 

fuel 

Diesel 

110% 

load  

Low 

charge air 

pressure, 

no Miller 

Diesel 

low CR 

Diesel 

early 

timing  

Piston crown 100% 0% 0% +5% 0% -22% -9% 

Piston skirt 100% +1% -15% +7% - - - 

Crankshaft bending 100% 0% -2% +5% +3% -22% -9% 

Crankshaft torsion 100% -3% -8% +7% - - - 

Bearing minimum 

oil film thickness 

during gas load 

100% +1% +18% -5% - - - 

Bearing minimum 

oil film thickness 

during mass load 

100% <-1% 0% <-1% - - - 

Peak oil film 

pressure 

100% 0% -13% +8% - - - 
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The different parameters changes the cylinder pressure curve each in a different way. It 

can be seen from the calculations that the whole cylinder pressure curve is important in 

all of the three component calculations. A piston crown is dimensioned by the maximum 

cylinder pressure but the piston skirt should be dimensioned according to the complete 

pressure curve. There is high positive and negative peak piston side forces together with 

the fast change in contact point from cylinder side to side requires consideration in terms 

of vibration and strength. The crankshaft receives high bending forces from the cylinder 

combustion. For torsional vibration the same cylinder peak pressure forces cause large 

positive and negative peak forces acting on crankshaft. They need to be dimensioned by 

the complete cylinder pressure curve, not just the peak cylinder pressure value. With 

regard to bearing, cylinder pressure curve all sections have influence in minimum oil film 

thickness and peak oil film pressure values. 

It would be appropriate to have a certain guideline of defining cylinder pressure curves 

for component dimensioning in the future. With multiple pressure curves investigated, it 

is shown that the cylinder pressure curve changes with many different methods which is 

not always taken into consideration when the cylinder pressure curves are used for 

different purposes, for example calculations. With the chosen three components listed, it 

can be seen how different parameters affect component dimensioning. With methods used 

in this thesis, more components and their dimensioning could be analysed in the future.  
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10. CONCLUSIONS 

As a result of this thesis result it has been clarified that engine components should not be 

dimensioned by only the pmax value. Even with same pmax value the cylinder pressure 

curves can be different depending on how the load is created. If the whole cylinder 

pressure curve is increased to reach the required design pressure, the component may be 

over dimensioned as there is safety margins on all sections. According to results of this 

thesis, the best way is to reach the design cylinder pressures is only to increase the pmax, 

for example by changing injection timing and amount. If there is a need to create 

component dimensioning margin against the increased load, the pressure curve can be 

increased during compression, combustion and expansion. If this is done it is 

recommended to mention that on component dimensioning reports. 

The different sections of cylinder pressure curves with the factors that need inspection 

are listed below. All the component calculations to be dimensioned according to the 

different cylinder pressure curve sections are mentioned there. 

During compression: 

- Minimum oil film thickness created by gas forces 

- IACS bending forces (V-engines) 

- IACS torsional vibration, negative peak forces 

- Piston side forces 

During combustion: 

- Crankshaft bending 

- Torsional vibration (small) 
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- Piston side forces 

- Peak oil film pressure 

- Minimum oil film thickness 

During expansion 

- Crankshaft bending (V-engine) 

- Piston side forces 

- Torsional vibration 

Apart from the sections mentioned above, there is a small effect of Miller during the 

intake and exhaust stroke. This has only a small effect on the minimum oil film thickness 

and crankshaft torsional stress. 

General notices as conclusions: 

- Operating engine peak pressure values are typically always below the 

design values. 

- Cylinder power output is strictly fixed, but not the way how the power is 

reached. 

- Additional pmax margin is used to have freedom to optimise the combustion 

process in order to reach the required power as effectively as possible with 

low emission values.  

- For classification purpose the pmax and power output are fixed values, 

sometimes compression ratio, charge air pressure and Miller are defined too. 
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- Cylinder pressure curves have different requirement for component 

dimensioning and classification purpose. For dimensioning purposes the 

cylinder pressure curve should have safety margin against desired operating 

modes. For classification purposes the cylinder pressure curve should be as 

close to the engine operating values as possible with desired pmax.  

- Crankshaft dimensioning is very conservative, if the cylinder design 

pressure is chosen such a way that all three strokes: compression, 

combustion and expansion include safety margin. This means that 

crankshaft bending stress is higher because of V-engine bigger overlap 

pressure, this is creating higher bending stresses and lower allowed torsional 

vibration levels. Conservative design pressure also increases the actual 

torsional vibration values. This maximum allowed torsional vibration 

allowed by bending is decreased and the actual calculated torsional 

vibration is increased.  If only the maximum cylinder pressure is increased, 

it changes only the maximum allowed torsional vibration caused by higher 

crankshaft bending stress, not the actual calculated torsional vibration. 

As recommendations for the future, a few points should be carried out from this thesis.  

The cylinder pressure curve can be divided to five different areas; intake stroke, 

compression stroke, combustion, expansion stroke and exhaust stroke. Each of those areas 

can be different depending on the engine type and operation mode. All of the above 

mentioned areas have different influence on the diesel engine component dimensioning. 

Recommendation is that always when cylinder pressure curve is shared to dimensioning 

purpose, the basic data of each stroke is mentioned: Valve timing, charge air pressure 

compression stroke, fuel type, heat release, injection timing and duration. From cylinder 

pressure curve the peak cylinder pressure value should be informed as well as load on 

kW/cylinder and brake mean effective pressure (BMEP).  
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The pressure curve should always be included in calculation report. There should be 

mentioned the calculation margin with the actual 100% load pressure curve and design 

pressure curve One way is to subtract the 100% load pressure curve from the design 

pressure curve to define the cylinder pressure curve sections that have safety margin. The 

component design pressure curve should have safety margin in all grid code and propeller 

curve engine operation areas. 
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