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Sammanfattning 

I dagens samhälle, då bränslepriserna ökar och klimatförändringarna blir mer och mer 

märkbara, börjar alternativa bränslen för förbränningsmotorer bli ett viktigt ämne för 

fordonstillverkarna. Två intressanta bränslen ur dessa perspektiv är Biogas och Komprimerad 

naturgas. Huvudbeståndsdelen i dessa bränslen är metan. Metan används för närvarande mest 

i tändstifts motorer men kan också användas i dieselmotorer då det har en stor motståndskraft 

mot knack. 

Ett koncept där metan kan användas som bränsle i en dieselmotor är Diesel Dual Fuel, DDF. 

Det är ett koncept där en dieselmotor körs på två bränslen, diesel och metan, där metan 

sprutas in i insugskanalerna och dieseln är direktinsprutad in i cylindern. Motorn körs till 

största delen på metan och använder en liten dieselinsprutning för att antända luft/metan-

blandningen. Ur emissions synpunkt är oförbrända kolväten den största utmaningen för DDF 

konceptet eftersom en dieselmotors förbränningsrum inte är optimerat för en homogen 

luft/bränsle-blandning, speciellt märkbart för skrymslet mellan kolv och cylindervägg. 

Motortester har därför utförts för att undersöka hur skrymslena mellan kolv och cylindervägg 

bidrar till utsläppen av oförbrända kolväten på en DDF motor. 

Resultatet visar att flamman inte kan brinna ner mellan kolv och cylinderväg och förbruka 

luft/bränsle blandningen där då standardkolven med ett avstånd mellan kolv och cylindervägg 

på 0.6 mm används. En ökning av detta avstånd till 2.1 mm gör dock att flamman kan brinna 

ner och konsumera luft/bränsle blandningen där. 

Bidraget från skrymslet ovanför översta kolvringen till utsläppen av oförbrända kolväten 

varierar med både lambda och last. Samma trend med avseende på lambda kunde observeras 

för både låg- och mellan-lasten som testats men ett större bidrag från detta skrymsle noterades 

vid den högre lasten. Bidraget från skrymslet mellan de bägge kompressions ringarna till 

utsläppen av oförbrända kolväten visar på ett omvänt förhållande för lambda jämfört med 

skrymslet ovanför den översta kolvringen. 
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Abstract 

In today’s society, when the fuel prices are increasing and the climate changes are becoming 

more and more noticeable, alternative fuels for combustion engines are becoming an 

important topic for the manufacturers. Two interesting fuels in those perspectives are Biogas 

and Compressed Natural Gas, CNG. The main constituent of these two fuels is methane. 

Currently methane is mostly used in spark ignited engines but can also be used in diesel 

engines since it has a high resistance to knock. 

An engine concept where methane can be used as fuel in a diesel engine is the Diesel Dual 

Fuel concept, DDF. In this concept a diesel engine is run with two fuels, diesel and methane, 

where the methane is injected into the intake runners and the diesel is direct injected into the 

cylinder. The engine is mainly run on methane and uses a diesel pilot as a liquid spark plug to 

ignite the homogenous air/methane mixture. The biggest challenge when it comes to 

emissions for the DDF concept is the HC emissions since the combustion chamber in a diesel 

engine is not optimized for homogeneous charges, especially noticeable for the piston ring 

pack crevices. Engine tests are therefore carried out to study the contribution from the piston 

ring pack crevices to the engine-out HC emissions of a DDF engine. 

The results show that the flame is not able to burn down into the top land volume and 

consume the air/fuel mixture there when the standard piston with a top land clearance of 0.6 

mm is used. Increasing this clearance to 2.1 mm makes the flame able to burn down into this 

volume and consume most of the air/fuel mixture there. 

The contribution to the engine-out HC emissions from the top land volume varies for different 

lambda values and engine loads. The same trend could be seen for both the light and middle 

engine loads tested with regards to lambda; however a larger amount of the HC emissions is 

expected to originate from the top land volume at the higher load. The contribution from the 

second land volume shows the opposite trend with lambda if compared with the top land 

volume.
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1. Introduction 

Since the oil prices are increasing and the climate changes are becoming 

more and more noticeable the need for alternative fuels for combustion 

engines becomes more important. Two alternative fuels which can be used 

in combustion engines are Compressed Natural Gas, CNG, and biogas. 

These two fuels are mostly used in spark ignited engines but can also be 

used in diesel engines due to a high resistance to knock in the two fuels. A 

concept were these two fuels can be used in a diesel engine is the Diesel 

Dual Fuel, DDF, concept [1]. 

The main constituent of CNG and biogas is methane, CH4, which has higher 

hydrogen to carbon ratio than both diesel and gasoline. This makes it 

possible to get a reduction in greenhouse gases, CO2, even when CNG is 

used, although it is a fossil fuel. CNG is also available around the world to 

competitive prices. To use methane in a diesel engine is beneficial since the 

diesel engine have high compression ratio which results in high thermal 

efficiency. 

The DDF is a concept where methane is injected into the intake runners, 

forming a homogeneous mixture with the intake air, in the same way that 

gasoline is injected in a port injected spark ignited engine. The air/methane 

mixture is ignited by a diesel pilot which is direct injected into the 

combustion chamber, acting like a liquid spark plug, before the piston 

reaches top dead center in the compression stroke. There is also a DDF 

concept where both the diesel and methane is direct injected into the 

combustion chamber. 

In the concept with direct injected methane and diesel the two fuels are most 

commonly injected with a special injector that is capable of handle both 

fuels since the cylinder head would need a large-scale modification to fit 

two injectors. Since only one injector is used it is not capable of injecting 

the amount of diesel that is required to run the engine with only diesel. The 

availability of CNG and biogas varies from place to place due to the 

distribution network which is a drawback for this concept since the engine is 

not able to run with only diesel. 

The concept with the methane injected into the intake runners make the 

engine able to run with only diesel since it uses its ordinary diesel injector. 

This is the concept that is used in this project and is the concept which is 

referred to when using the abbreviation DDF in the rest of the report. The 

advantage with this concept is that an existing diesel engine can be 

converted to run in DDF mode but still be able to run with only diesel. 

The DDF combustion has a similar type of combustion which can be seen in 

spark ignited, S.I., engines. The emissions formation mechanisms are 

therefore also similar to those in S.I. engines. 
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The biggest challenge when it comes to emissions for the DDF concept is 

unburned hydrocarbons, HC, [2] since the diesel engines combustion 

chamber is not optimized for homogeneous charges, especially noticeable 

for the piston ring pack crevices. For an S.I. engine six main sources of 

engine-out HC emissions are mentioned in the literature [3]; 

1) the combustion chamber crevices 

2) the absorption and desorption of fuel in oil layers 

3) the absorption and desorption of fuel in deposits 

4) flame quenching (both wall quenching and bulk quenching) 

5) the effects of liquid fuel presence in the cylinder 

6) exhaust valve leakage. 

Earlier studies show that methane has a very low solubility in engine oil [4, 

5]. This means that the problem of absorption and desorption of fuel in oil 

layers is minimized since the main fuel used in this DDF concept is 

methane. The absorption and desorption of fuel in deposits should not be a 

major problem, since the engine in this project will not be run for a long 

time with the same piston and the combustion chamber will be checked for 

deposits and, if necessary, cleaned when the piston is changed. The effects 

of liquid fuel presence in the cylinder are also eliminated since a gaseous 

fuel is used as the main fuel. The problem with exhaust valve leakage can be 

minimized with the right adjustment of the valves. The same goes for the 

bulk quenching of the flame, which also can be minimized with the right 

engine input parameters. This means that the biggest problem, regarding the 

HC emission, is to be found in the combustion chamber crevices. This has 

also been stated, for S.I. engines, in earlier studies [3, 6]. 

In the combustion chamber of an engine, there are different crevices. A 

crevice can be defined as a narrow region in the combustion chamber in 

which the flame cannot enter due to considerable heat transfer to the walls. 

This means that the heat transfer makes the crevices too cold for flame 

propagation which results in flame quenching. When a diesel engine is run 

in DDF mode, part of the unburned homogeneous air/fuel mixture is 

squeezed into the crevices during compression and combustion. The crevice 

volume consists of ~2 % of the clearance volume [3] but can contain 5-10 % 

of the total cylinder charge mass [7] since the gas in the crevices is at a 

lower temperature, if compared to the bulk gas temperature. This is 

explained by considerable heat transfer to the walls in a crevice, as 

mentioned above. All of the unburned air/fuel mixture in the crevices in the 

combustion chamber will not be oxidized and will leave the cylinder as 

unburned HC emissions. The crevices in the combustion chamber of a 
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Diesel Dual Fuel engine which may contribute to the engine-out HC 

emissions are; 

 The piston ring pack crevices, which consist of the volume above the 

first piston ring, the volume in the groove for the first compression 

ring which is not occupied by the ring, the volume between the first 

and second compression ring and the volume in the groove for the 

second compression ring which is not occupied by the ring. 

 The cylinder head crevice. 

 The intake- and exhaust valve-seat crevices. 

 The crevice associated with the diesel injector. 

The engine which will be used in this project has a construction which 

minimizes the cylinder head crevice. The most significant crevice is the 

piston ring pack crevices, which consists of more than 75 % of the total 

combustion chamber crevice volume [3]. The main focus of this project will 

therefore be focused on the influence of the piston ring pack crevices on 

engine-out HC emissions. The ring pack crevices are shown in Figure 1. 

 

Figure 1 Top and second land crevices. 

As mentioned earlier unburned air/fuel mixture is squeezed down into the 

piston ring pack crevices during compression and combustion. When the 

piston starts to move downwards, during the expansion stroke and the 

cylinder pressure starts to decrease, the unburned air/fuel mixture which has 

been trapped in the piston ring pack crevices starts to flow back into the 

cylinder. The gas which has been trapped in the crevice above the first 
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piston ring enters the cylinder as a laminar flow and is stretched to a thin 

layer which is laid down along the cylinder wall. This layer has a thickness 

thinner than the piston-liner clearance [3]. Most of this thin layer is stripped 

of by the motion of the cylinder charge and is therefore mixed with the hot 

bulk gases. The crevice gas which is mixed with the bulk gas is, according 

to [3, 8], oxidized completely if the temperature of the bulk gas is above 

1300-1400 K. Only the part of the thin layer which is closest to the cylinder 

wall, within the thermal boundary layer, will therefore escape oxidation, 

since the temperature there is below 1300 K due to the heat transfer to the 

wall. This part of the thin layer which is, closest to the cylinder wall, will be 

scraped up by the piston during the exhaust stroke. When the piston scrape 

up this thin layer a vortex is created at the edge of the piston top and 

cylinder wall. Part of this HC-rich vortex will be pushed out of the cylinder 

at the end of the exhaust stroke. 

In a previous study [9], with an engine which had visual access to the 

cylinder, two flows from the piston top land crevice were observed. One 

was the laminar out flow which has been described above. The other was a 

turbulent jet, emitted from the end gap of the first compression ring. This 

flow was thought to originate from the gases which been trapped between 

the first and second compression rings which comes out when the pressure 

above the first compression ring becomes lower than the pressure between 

the two compression rings.  
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2. Objectives 

In this project the objectives can be divided into two parts. The first part is 

to investigate how big top land clearance which is required for the flame to 

be able to enter into the top land crevice, at different engine operating 

conditions, and consume the unburned air/fuel mixture trapped there. 

The second part is to investigate how big part of the engine-out HC that 

comes from the piston ring pack crevices at different engine operating 

conditions. 

3. Goal 

The objectives mentioned in the previous chapter have been investigated in 

many earlier studies but have then been focused on spark ignited [10] or 

HCCI [11] engines. No earlier studies have been found where the 

investigation has been carried out on a DDF engine. The goal with this 

project is therefore to increase the knowledge on the origin of the engine-out 

HC from a DDF engine.  
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4. Method 

To be able to investigate the piston ring pack crevices influence on the 

engine-out HC emissions, engine tests with the piston modified in different 

ways will be carried out and the engine-out HC will be measure, both the 

total engine-out HC and crank angle resolved engine-out HC. To be able to 

do these measurements, a fast hydrocarbon measuring instrument was both 

obtained and installed. 

4.1. Experimental setup 

The tests are carried out in a single-cylinder Scania lab engine equipped 

with a piston and piston crown from a Scania Euro V engine. The engine is 

located at the Division of Internal Combustion Engines laboratory at the 

Royal Institute of Technology in Stockholm, Sweden. 

The single-cylinder engine is equipped with a high pressure common rail 

diesel injection system and a Scania XPI injector as well as a common rail 

gas injection system with one gas injector from Keihin in each intake 

runner. During the experiments the injection pressure for the gas injection 

system is regulated by an automatic pressure regulator to 2.8 bars above the 

intake pressure. Further engine specifications are listed in Table 1. 

Table 1 Engine specifications. 

Parameter Value 

Displacement 1.95 dm
3 

Bore 127 mm 

Stroke 154 mm 

Connecting rod length 255 mm 

Compression ratio 17.3 

Intake valve opening -346˚ ATDC 

Intake valve closing -154˚ ATDC 

Exhaust valve opening 145˚ ATDC 

Exhaust valve closing 355˚ ATDC 

Since the single-cylinder engine is not equipped with a turbo charger the 

boost pressure is achieved by compressed air from an electrically driven 

compressor. The engine is equipped with a heater to heat up the intake air. 

To simulate the exhaust backpressure that a turbine would cause, a valve is 

mounted in the single-cylinders exhaust manifold after a pulsation 

elimination tank. 
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The total HC, CO, CO2 and NOx emissions are measured with a Horiba 

Emissions Analyzer, model EXSA-1500. Crank angle resolved HC 

measurements are performed with a Combustion HFR400 Fast FID with the 

measuring probe mounted in the exhaust pipe 10 cm after the exhaust port 

exit at the cylinder head, shown in Figure 2. The Fast FID probe tip is 

located in the center of the exhaust pipe, also shown in Figure 2. 

 
Figure 2 Location of Fast FID measuring probe. 

The test cell is equipped with the engine control system AVL Rap2l in 

which all engine parameters can be adjusted and with the CELL4 cell 

control system, developed by Professor Hans-Erik Ångström, in which all 

the engine parameters can be logged. 

The diesel fuel used is Swedish MK1 diesel with a lower heating value of 

45.17 MJ/kg and an approximate cetane number of 53. The primary 

constituent of biogas is methane. In specific to Sweden the commercially 

available biogas for vehicles contains 97 % methane. This motivated the 

usage of 99 % pure laboratory grade methane in the experiments. 

4.2. Engine dimension calculations to compensate for 

thermal expansion 

Both the piston and the cylinder liner have a larger diameter during 

operation due to thermal expansion. This means that the clearance between 

the piston and the cylinder liner will be different when the engine is warm 

and when it is cold. It is therefore important to calculate the dimensions of 

the piston and cylinder liner for a warm engine to be able to calculate the 

top and second land volumes for a warm engine. The thermal expansion is 

calculated by means of Equation 1: 

               (1) 

Where   is the thermal expansion in mm, k is the thermal expansion 

coefficient in mm/m/K and   and    is the temperature for a warm and cold 

engine respectively in K. For the piston k is      , for steel, and for the 
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cylinder wall k is       , for cast iron [12].    is approximated to room 

temperature of 20°.    is approximated to 510 K above the first piston ring 

for the piston and to 400 K for the cylinder wall. These values are taken 

from GT-Power simulations on a DDF lean burn concept made in an earlier 

project course [2]. It is assumed that the piston have a lower temperature 

between the first and second compression ring than above the first 

compression ring and this temperature is approximated to 400 K. The piston 

has a larger diameter just above the first piston ring compared to the 

diameter at the piston top as Figure 5 shows. The measured values of      , 

      and       at temperature    is 125.61 mm, 125.76 mm and 126.8 mm 

respectively. The measured inner diameter of the cylinder liner at 

temperature    is          mm. 

 

Figure 3 The measured dimensions of the piston. 

The diameter of the piston and cylinder liner for a warm engine is calculated 

by Equation 2: 

               
  

    
    (2) 

The calculated engine dimensions for a warm engine are shown in Table 2 

below. The thermal expansion is only calculated for the piston and cylinder 

liner diameters since the expansion is assumed to have a negligible impact 

on the other smaller dimensions. 

Table 2 Calculated dimensions for a warm engine. 

Dimension [mm] 

d1,Pt 125.96 

d1,Pb 126.12 

d1Ps 126.98 

d1,w  127.15 
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4.3. Piston modifications 

The piston will be modified in different ways. One piston modification 

which will be tested is to increase the top land clearance, illustrated by the 

red area in Figure 4. The idea with this modification is to investigate how 

big top land clearance which is required for the flame to be able to enter into 

the crevice and consume the unburned air/fuel mixture which is trapped 

there, i.e. the two-wall quench distance [13]. This is an experimentally 

defined combustion parameter which defines the minimum plate separation 

for which flame propagation can be achieved in a combustible mixture 

confined by two parallel plates. 

 
Figure 4 Increase in top land clearance. 

Three different top land clearances will be tested 0.6, 1.2 and 2.1 mm, were 

0.6 mm is the standard clearance. These three clearances are calculated for a 

warm engine. The groove which will be created to increase the top land 

clearance will be created at 3 mm above the first piston ring groove to make 

sure that the strength of the piston ring configuration will not be affected. 

The slope of the piston top land, shown in Figure 3 in the previous chapter, 

will not be maintained when the top land clearance is increased. 

To investigate how big part of the engine-out HC emissions that comes from 

the piston top land crevice this volume will be increase by introducing a 

groove a bit beneath the piston top, illustrated by the red area in Figure 5. 

After the groove is made, engine tests will be performed, then the groove 

will be enlarged and new engine tests will be carried out. The idea with this 

modification is to maintain the same piston top land clearance to prevent the 

flame from entering into the crevice.  
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Figure 5 Increase in top land volume. 

A piston modification which also will be tested is to introduce a 45° 

chamfer on the edge of the piston top, illustrated by the red area in Figure 6. 

This modification is thought to be representative for reducing the piston top 

land height, i.e. reducing the top land volume. The 45° chamfer will be 

created at 10 mm from the piston top. 

 

Figure 6 Reduction in top land volume. 

Five different top land crevice volumes will be tested, shown in Table 3. 

Also shown in this table are the relative sizes of these volumes where 100 % 

represents the standard volume. The crevice volume will be increased and 

decreased according to the modifications described above. The compression 

ratio, calculated for a cold engine, associated with the different top land 

volumes are also shown in Table 3. 
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Table 3 Top land volume. 

Parameter Values 

Top land crevice volume [cm
3
] 1.8, 4.1, 5.75, 7.65, 10.5 

Relative top land crevice volume [%] 44, 100, 140, 186, 256 

Compression ratio 16.1, 17.3, 17.05, 16.8, 16.3 

To investigate how much of the engine-out HC emissions that originate 

from the second land crevice, a groove will be created between the two 

compression rings, illustrated by the red area in Figure 7. Engine tests will 

be carried out with different sizes of this groove. 

 

Figure 7 Increase in second land volume. 

A piston modification which also will be tested is to increase the end gap of 

the second piston ring, illustrated by the red area in Figure 8, which will 

represent a reduction in the second land volume. This modification means 

that the pressure between the two compression rings becomes approximately 

at the same level as the crankcase pressure [14] meaning that there will be 

no return of gases from the second land volume into the cylinder. This gas is 

instead sent down to the crankcase.  
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Figure 8 Reduction in second land volume. 

Four different second land crevice volumes will be tested, shown in Table 4. 

The relative sizes of these volumes are also shown in this table were 100 % 

is the standard volume. The 0 % second land volume will be achieved by 

increasing the end gap of the second compression ring to 5 mm from the 

standard maximum end gap of 0.8 mm and the increase in second land 

volume is accomplished by the piston modification described above. 

Table 4 Second land volumes. 

Parameter Values 

Second land crevice volume [cm
3
] 0, 1.4, 2.8, 4.2 

Relative second land crevice volume [%] 0, 100, 200, 300 

The clearance between the piston and cylinder liner in the second land area 

is very small, much smaller than the corresponding clearance in the top 

land. To calculate the second land volume, dimensions for a warm engine 

was used. These dimensions are based on approximated temperatures taken 

from simulations. The second land volumes in Table 4 should therefore be 

considered as guidelines rather than absolute values since a small change in 

the approximated temperatures will have a large influence on the calculated 

volumes due to the small clearance. No measurements was made to verify 

that all the unburned air/fuel mixture in the second land volume is sent 

down into the crank case instead of going back to the cylinder when the end 

gap of the second piston ring were increased. This means that the 0 % 

second land volume also should be considered as a guideline. 

4.4. Testing plan 

4.4.1. Standard settings 

For the engine tests a set of standard settings, shown in Table 5, were used 

for all the parameters which were not varied during a test. 
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Table 5 Standard engine settings. 

Parameter Value 

Lambda 1.66 

Engine speed 1225 rpm 

Load 7 bar BMEP 

CA50 10° ATDC 

Diesel substitution 95 % 

Intake air temp 30° C 

EGR 0 % 

Water and oil temperature 80° C 

Exhaust back pressure Same as intake pressure 

4.4.2. Testing parameters 

The parameters which were tested for all the different top land clearances 

are shown in Table 6. For each value of these parameters a lambda sweep, 

with the lambda values shown in Table 6, was performed. 

Table 6 Testing parameters for two-wall quench distance. 

Parameter to be varied Values to be tested 

Lambda 1, 1.21, 1.43, 1.66, 1.9, 2.17 

CA50 [°ATDC] 2, 10, 18 

Load BMEP [bar] 7, 10 

Intake temperature [°C] 60 

For each top land volume size a lambda sweep with the lambda values 

shown in Table 6 was performed at both 7 and 10 bar BMEP. A lambda 

sweep with these lambda values was also be performed at 7 bar BMEP for 

each second land volume size. 
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5. Results/discussion 

5.1. Two-wall quench distance 

An interesting parameter to study when investigating the contribution to the 

engine-out HC emissions from the piston ring pack crevices is the two-wall 

quench distance. This is an experimentally defined parameter which 

specifies the minimum plate separation that the flame is able to burn into. 

Applied to this study the two-wall quench distance specifies the minimum 

top land clearance which is required for the flame to be able to burn down 

into the top land volume and consume the air/fuel mixture there. To study 

this parameter engine test were carried out for different top land clearances. 

The idea here is to perform lambda sweeps for different top land clearances 

when different engine parameters are varied and study these parameters 

influence on the flames ability to consume the unburned air/fuel mixture in 

the top land volume. 

In Figure 9 the results of the lambda sweeps for different top land clearances 

with the standard settings is shown, i.e. CA50 at 10° ATDC and load 7 bar 

BMEP. The first observation that should be made is that an increase in top 

land clearance results in a decrease in the HC emissions at lambda 1. This 

indicates that the flame consumes a larger amount of the air/fuel mixture in 

the top land volume when the clearance is increased meaning that the flame 

is not able to propagate into this volume with the standard top land 

clearance even at the lowest lambda value. 

 
Figure 9 Lambda sweep with CA50 at 10° ATDC. 
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The HC emissions are almost at the same level at lambda 1 with both the 1.2 

mm and 2.1 mm clearance pistons. When the 1.2 mm clearance piston is 

used, the HC emissions increase when lambda is increased and at lambda 

1.3 it is at the same level which can be observed with the standard piston. 

This means that the flame starts to enter the top land volume at 

approximately lambda 1.3 with a clearance of 1.2 mm. 

When the clearance is 2.1 mm there is only a small increase in the HC 

emissions when lambda is increased from 1 to 1.35 but thereafter it starts to 

increase more strongly and is above the level for the standard piston at 

lambda 1.55. After lambda 1.55 a decrease in the incline of the 

corresponding HC emission curve can be observed, implying that the flame 

starts to burn down into the top land volume at approximately lambda 1.55 

when the clearance is 2.1 mm. The result for the 2.1 mm clearance also 

show that the flame consume most of the air/fuel mixture in that volume 

already at lambda 1.35 and approximately all at lambda 1 since the HC level 

with the 1.2 mm clearance is almost the same there. These results imply that 

the two-wall quench distance is approximately 1.2 mm at lambda 1.1, since 

the HC emissions are almost the same at lambda 1 and 1.1 with a 1.2 mm 

clearance, and 2.1 mm at lambda 1.35. 

When the flame does not burn down into the top land volume the HC 

emissions will increase when the top land clearance is increased if compared 

with the standard piston, since more unburned air/fuel mixture will be 

squeezed down into the top land volume due to the increase of this volume. 

This means that the HC emissions at the highest lambda values should be 

lowest for the standard piston and highest for the piston with the biggest top 

land clearance but this is not the case which Figure 9 shows. At the highest 

lambda values, other factors such as flame quenching play an important role 

which can explain that behavior. 

To study different engine parameters influence on which lambda value that 

the flame is able to enter the top land volume, lambda sweeps were carried 

out for the engine parameters mentioned in the Testing parameters chapter. 

The results from these lambda sweeps when the top land clearance is 2.1 

mm are shown in Figure 10. Results from the lambda sweeps with different 

engine parameters for all top land clearances tested are shown in Appendix. 
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Figure 10 Lambda sweeps for different engine parameters with 2.1 mm top land clearance. 

In the discussion above, it was concluded that the flame starts to burn down 

into the top land volume at approximately lambda 1.55 with a top land 

clearance of 2.1 mm when CA50 is at 10° ATDC. The steepest part of the 

corresponding HC curve could be observed at the lambda value just below 

lambda 1.55. In Figure 10, it will therefore be studied how the steepest part 

of the HC curve is adjusted sideways for the tested engine parameters since 

this is where the flame just have started to enter the top land volume. 

As the result, in Figure 10, shows, the combustion phasing is the most 

influencing factor on which lambda value that the flame is able to enter the 

top land volume. Advancing the combustion phasing 8°, CA50 at 2° ATDC, 

had a large impact whilst retarding the combustion phasing 8°, CA50 at 18° 

ATDC, only had a modest influence. Increasing the intake temperature to 

60° C and increasing the load to 10 bar BMEP also had a minor impact on 

the flames ability to propagate into the top land volume. 

The two wall quench distance is dependent of several parameters where 

pressure and temperature of the gas are big influencing factors [15]. The 

cylinder pressure traces for lambda 1.55 with the tested engine parameters 

are shown in Figure 11 and the corresponding cylinder temperature traces 

are shown in Figure 12. The cylinder temperature traces are calculated mean 

values for the whole cylinder charge and are calculated by means of the 

cylinder pressure traces. Increasing the load to 10 bar BMEP produced the 

highest cylinder pressure of the tested engine parameters but only showed a 
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minor influence on the flames ability to consume the unburned air/fuel 

mixture in the top land volume. When the intake temperature is increased to 

60° C the highest cylinder temperature is produced when comparing to the 

engine parameters with the same combustion phasing. This increase in the 

cylinder temperature also had a minor impact on the flames ability to burn 

down into the top land volume. 

 
Figure 11 Cylinder pressure with different engine parameters at lambda 1.55. 
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Figure 12 Cylinder temperature with different engine parameters at lambda 1.55. 

In an earlier study [16], flame propagation into a crevice inside the 

combustion chamber of a combustion engine was measured. Maximum 

flame intensity in the crevice was observed shortly after maximum cylinder 

pressure. After this maximum intensity peak the measured intensity 

decreased rapidly.  

As the results shows, both maximum cylinder pressure and temperature 

seems to have a small influence on the flames ability to consume the 

unburned air/fuel mixture in the top land volume. The largest influence 

could be seen in the case when the combustion phasing was advanced. This 

case, with CA50 at 2° ATDC, did not produce the highest maximum 

cylinder pressure of the tested engine parameters and the maximum cylinder 

temperature where almost at the same level that could be seen with when the 

intake temperature were increased to 60° C. 

An explanation to this behavior, that an increase in cylinder pressure and 

temperature only had a modest impact on the flames ability to propagate 

into the top land volume, can be that heat transfer in the crevice has a large 

influence. This means that the gas in the top land volume will be much 

colder when CA50 occurs at 10° ATDC if compared with the earlier 

combustion phasing, CA50 at 2° ATDC, since there will be more time for 

heat transfer from the crevice gas to the walls in the crevice with the latter 

combustion phasing. 
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5.2. Contribution to engine-out HC emissions from Top land volume 

5.2.1. Lambda sweep at 7 bar BMEP 

The biggest part of the engine-out HC emissions is supposed to originate 

from the top land volume. To investigate how big part of the engine-out HC 

emissions that actually comes from this crevice volume engine tests were 

carried out when this volume was both increased and decreased. The results 

from engine tests at 7 bar BMEP for different top land volume sizes are 

shown in Figure 13. As the results show the dependence of the HC 

emissions with top land volume is different for the different lambda values. 

 
Figure 13 Lambda sweep for the different top land volume sizes at 7 bar BMEP. 

To reduce the top land volume a 45° chamfer was introduced at the piston 

top edge, as described earlier. The introduced chamfer decreased the 

compression ratio, causing a lower cylinder pressure during the compression 

stroke. The lower cylinder pressure had a large influence on the ignition 

delay of the diesel pilot. It was most noticeable at the lowest lambda values 

where much throttling was required and, due to the lower cylinder pressure, 

it was not possible to reach lambda one at 7 bar BMEP for the 44 % top land 

volume size. 

To have a clear way to display how the engine-out HC emissions depend 

with top land volume size for different lambda values, Figure 13 is 

transformed into Figure 14. In Figure 14, every line corresponds to a 

specific lambda value which has been tested for each top land volume size. 
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Figure 14 Engine-out HC emissions for lambda 1-2.17 as a function of top land volume size for 7 

bar BMEP. 

The results in Figure 14 show that the engine-out HC emissions are almost 

unaffected at lambda 1 and 1.21 when the top land volume size is changed. 

At this low lambda values the in cylinder conditions is very warm meaning 

that at good oxidation takes place which can be one contributing factor to 

this behavior. Another explanation could be that the flame burns down into 

the top land volume and consume a big part of the unburned air/fuel mixture 

there. If this would be one of the explanations it would also mean that the 

flame would be able to burn down not only into the top land volume but also 

into the groove which been created to increase the top land volume. As the 

results in the Two-wall quench distance chapter shows, the flame does not 

burn down completely into the top land volume with the standard clearance 

which implies that this is not one of the explanations. 

A possible phenomenon which was investigated is if the flow of unburned 

air/fuel mixture into the top land crevice becomes choked for some of the 

cases. Calculations, shown in Appendix, indicate that there is a possibility 

for the flow into the top land crevice to become choked at the highest 

cylinder pressures for some of the test conditions. This is especially 

noticeable at the lowest lambda values. One contributing factor to why the 

engine-out emissions is almost unaffected by an increase in top land volume 

for lambda 1 and 1.21 can therefore be that the flow into the crevice 

becomes choked meaning that part of the unburned air/fuel mixture which 
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was expected to get squeezed down into the crevice instead stays in the 

cylinder and becomes burned during the combustion. 

For lambda 1.43 the HC-emissions have an almost linear dependency when 

the top land volume is increased to 186 % but thereafter, when the top land 

volume is increased to 256 %, the HC-emissions decreases. At lambda 1.66 

the HC emissions shows an almost linear dependency with top land volume 

size and the same goes for lambda 1.9 where the HC emissions shows an 

almost linear dependency when the top land volume is increased. At lambda 

2 the combustion is lean and cold and flame quenching, both wall and bulk 

quenching, plays an important role which can be an explanation to the 

nonlinear behavior. 

The three interesting lambda values in Figure 14 are lambda 1.43, 1.66 and 

1.9 since the engine-out HC emissions have an almost linear dependency 

with top land volume size. The line for lambda 1.43 is still interesting since 

it has an almost linear dependency with top land volume when the top land 

volume size is increased to 186 %. 

As mentioned earlier the in-cylinder conditions were changed when the top 

land volume was decreased due to the decreased compression ratio. Due to 

this only the results from the standard piston and the increased top land 

volume tests will be used when approximating the contribution from the top 

land volume to the engine-out HC. 

The next step is to estimate how big part of the engine-out HC emissions 

which originates from the top land volume. This is done by first transform 

the curves in Figure 14 for these three lambda values into normalized 

curves, shown in Figure 15, where the values for the y axis correspond to 

normalized values. This means that the y-values for lambda 1.43, 1.66 and 

1.9 in Figure 14 have been divided by the y-value for the top land volume 

size 100 % belonging to the respective lambda value. Thereafter a linear 

approximation is made to these curves, also shown in Figure 15, which is 

extrapolated to 0 % top land volume size. This enables an estimation of how 

much of the engine-out HC emissions that comes from the top land volume. 

As Figure 15 shows approximately 29, 52 and 33 % comes from the top 

land volume at the lambda 1.43, 1.66 and 1.9 cases respectively. 
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Figure 15 Engine-out HC emissions extrapolated to zero top land crevice volume. 

5.2.2. Lambda sweep at 10 bar BMEP 

It is also interesting to investigate if engine load has an influence on the 

contribution from the top land volume to the engine-out HC. Engine tests 

were therefore carried out at the engine load 10 bar BMEP in the same way 

as for the 7 bar BMEP case. The results from these tests are shown in Figure 

16. 
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Figure 16 Lambda sweep for the different top land volume sizes at 10 bar BMEP. 

It is interesting to know if the introduced 45° chamfer really acts as a 

decrease in top land volume meaning that the flame should consume the 

mixture above the remaining part of the top land volume. To get a better 

understanding of this Figure 17 is shown. In Figure 17 part of the lambda 

sweep at 10 bar BMEP for the standard piston, the chamfered piston and the 

piston with a 2.1 mm top land clearance is shown. The HC emissions are 

almost the same at lambda 1 and 1.21 for the 2.1 mm and the 45° chamfered 

piston. The top land volume below these two piston modifications is almost 

the same, since the 45° chamfer is created at 4.5 mm above the first piston 

ring and the increased top land clearance is created at 3 mm above the first 

piston ring. The results indicates that the flame burns of most or all of the 

air/fuel mixture above this top land volume implying that the introduced 45° 

chamfer acts as a decrease in top land volume. 
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Figure 17 Lambda sweep at 10 bar BMEP. 

When the flame does not burn down into the top land volume the HC 

emissions will increase when the top land clearance is increased if compared 

with the standard piston as described in the Two-wall quench distance 

chapter. This can be seen in Figure 17. What also should be noted is that the 

HC emissions is lower with the chamfered piston than with the standard 

piston even at higher lambda values implying that the flame is able to burn 

of a big part of the unburned air/fuel mixture in the chamfer also at higher 

lambda values. This means that the chamfer acts as a reduction in top land 

volume even at higher lambda values. The thermal boundary layer of both 

the piston and cylinder wall will increase when lambda is increased. This 

means that the flame will not be able to burn all the way down in the 45° 

chamfer and consume all the air/fuel mixture above the top land volume 

when lambda is increased. The calculated reduction in top land volume with 

the 45° chamfer should therefore be considered as a guide line rather than 

absolute value at higher lambda values. 

In an earlier study [10] it was concluded that the reduction in HC emissions 

with an introduced 45° chamfer would be larger than what would be 

expected with the corresponding reduction in top land volume. One 

explanation to this behavior was that it is easier for the flame to propagate 

into the top land crevice due to the smoother transition section created by 

the 45° chamfer. Another explanation given was that the outflow of gases 

into the combustion chamber from the top land crevice is directed away 

from the cylinder wall, with the 45° chamfer, which will enhance the mixing 

of the unburned air/fuel mixture with the hot bulk gases. This means that a 

larger amount of the air/fuel mixture from the top land crevice will be 

oxidized and will probably be the most enhancing factor at higher lambda 

values. 
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To investigate if there is a linear dependency of the engine-out HC 

emissions with top land volume size for the different lambda values tested, 

Figure 16 is transformed into Figure 18 in the same way as Figure 13 is 

transformed into Figure 14 in the 7 bar BMEP case. 

 
Figure 18 Engine-out HC emissions for lambda 1-2 as a function of top land volume size for 10 bar 

BMEP. 

For lambda 1 and 1.21 the HC emissions are almost unaffected when the top 

land volume is increased as Figure 18 shows. The same trend could be seen 

for these two lambda values at the engine load 7 bar BMEP but when the 

top land volume is decreased a small decrease in the HC emissions can be 

seen at 10 bar BMEP, shown more clear in Figure 16, which was not 

observed for the 7 bar BMEP case. That the HC emissions were unaffected 

by the top land volume size for lambda 1 and 1.21 was partly explained by 

good oxidation caused by the warm combustion at these lambda values. It 

was also explained by choked flow of the unburned air/fuel mixture into the 

top land volume. 

For lambda 1.43-1.9 the same linear trends can be seen for both 7 and 10 bar 

BMEP. At lambda 2.17 the HC emissions have an almost linear dependency 

with top land volume size for 10 bar BMEP which was not the case at 7 bar 

BMEP. This can be explained by a better combustion at the highest lambda 

value at 10 bar BMEP compared to the 7 bar BMEP case. 

At 10 bar BMEP there are four interesting lambda values where the HC 

emissions have a linear dependency with top land volume size. These 
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lambda values for the 10 bar BMEP case are lambda 1.43, 1.66, 1.9 and 

2.17. To estimate how much of the engine-out HC emissions that comes 

from the top land volume at these four lambda values the corresponding 

lines in Figure 18 are transformed into normalized lines, shown in Figure 

19. A linear approximation is made to these normalized lines which 

thereafter are extrapolated to zero top land volume size, shown in Figure 19, 

in the same way as in the 7 bar BMEP case. The result in Figure 19 shows 

that approximately 58, 70, 41 and 19 % of the engine-out HC emissions 

come from the top land volume for lambda 1.43, 1.66, 1.9 and 2.17 

respectively in the 10 bar BMEP case. 

 
Figure 19 Engine-out HC emissions extrapolated to zero top land crevice volume. 

To have some kind of estimation of how big part of the HC emission that 

comes from the top land volume at lambda 1 and 1.21 at 10 bar BMEP the 

results from the 45° chamfered piston will be used even though the in-

cylinder conditions were a bit different as mentioned earlier. The results 

from this are shown in the next section. 

5.2.3. Comparison between lambda 1-2.17 for 7 and 10 bar BMEP 

In Figure 20 a comparison is made for the 7 and 10 bar BMEP cases 

showing how much of the engine-out HC that is approximated to come from 

the top land volume for different lambda values for the two load cases. The 

trend is approximately the same for both load cases but a larger part of the 
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unburned engine-out HC emissions is expected to come from the top land 

volume in the 10 bar BMEP case if compared with the 7 bar BMEP case.  

 
Figure 20 Contribution to engine-out HC emissions from top land volume. 

For lambda 1 and 1.21 at 7 bar BMEP the HC emissions were almost 

unaffected by an increase and decrease of the top land volume. This was 

explained by good in-cylinder oxidation and choked flow of the air/fuel 

mixture into the top land volume. No estimation of the contribution to the 

engine-out HC emissions from this volume could therefore be made for 

these lambda values. 

At lambda 2.17 at 7 bar BMEP no linear trend could be observed for the HC 

emissions with top land volume size. At this high lambda value other 

factors, such as flame quenching, have larger influence on the HC emissions 

than top land volume size. The contribution to the engine-out HC emissions 

from the top land volume is therefore approximated to 0 %. 

As mentioned in the Introduction chapter, the motion of the cylinder charge 

strips of the biggest part of the thin layer of unburned air/fuel mixture which 

is laid down at the cylinder wall when the piston is mowing downwards in 

the expansion stroke. This air/fuel mixture is mixed with the hot bulk gases 

and will be oxidized completely if the temperature is high enough. The 

unburned air/fuel mixture that flows out of the top land volume when the 

temperature is lower will not be oxidized completely. This implies that the 

engine-out HC emissions should have a bigger dependency with top land 

volume size at higher lambda values since the cylinder temperature 

decreases with increasing lambda and becomes lower earlier in the 

expansion stroke. 
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The thickness of the thermal boundary layer at the cylinder wall will 

increase when lambda is increased. This also implies that the dependency of 

the HC emissions with top land volume size should increase when lambda is 

increased, and as Figure 20 shows the dependency increases for lambda 

values up to 1.66. At higher lambda values the cylinder temperature is lower 

making other factors, such as wall and bulk quenching, have an important 

influence on the engine-out HC emissions which makes the dependency 

with top land volume size less significant. The temperature difference 

between the bulk gas and the gas in the crevice is smaller at higher lambda 

values meaning that a smaller part of the cylinder charge mass will be 

trapped in the top land volume. 

Even if the top land volume will be minimized, there will still be a layer of 

unburned air/fuel mixture at the cylinder liner. This layer will be within the 

thermal boundary layer since the flame will become quenched before 

reaching the cylinder liner. But the layer of unburned air/fuel mixture might 

have less concentration of unburned fuel than when the unburned air/fuel 

mixture from the top land is laid down at the cylinder wall. 

5.3. Contribution to engine-out HC emissions from Second land 

volume 

In addition to looking at the contribution from the top land volume, 

investigating the extent to which the HC emissions originate from the 

second land volume is also of great interest. This was done in a similar way 

as in the top land volume case by running engine tests when the second land 

volume was both increased and minimized. The results from the lambda 

sweeps at 7 bar BMEP are shown in Figure 21. As the figure shows the HC 

emissions increases when the second land volume is increased and 

decreases when the volume is minimized, which was the expected result. 
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Figure 21 Lambda sweep at 7 bar BMEP. 

An interesting result is that the HC emissions increases even at lambda 1 

and 1.21 when the second land volume is increased. This was not the case 

when the top land volume was increased. For the top land volume case this 

was explained by a combination of choked flow into the crevice and a good 

in cylinder oxidation. The increase in the HC emissions at lambda 1 and 

1.21, when the second land volume is increased, can be explained by results 

from an earlier study [17] where it is shown that maximum second land 

pressure occur later than maximum cylinder pressure and that the second 

land pressure is higher than the cylinder pressure during part of the exhaust 

stroke. This means that flow of unburned air/fuel mixture into the second 

land volume continues after maximum cylinder pressure and that maximum 

concentration of air/fuel mixture in the second land volume occurs after 

maximum concentration of unburned air/fuel mixture in the top land 

volume. It also means that outflow of unburned air/fuel mixture from the 

second land volume to the cylinder occurs during the exhaust stroke when 

the cylinder temperature is low which results in bad oxidation of this 

unburned air/fuel mixture. 

In earlier studies [9, 10] it is stated that outflow of unburned air/fuel mixture 

from the second land volume is observed during the latter part of the 

expansion stroke and in the beginning of the exhaust stroke which agrees 

with the discussion above. 
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Another interesting result which is shown in Figure 21 is that the engine-out 

HC emissions increase when the second land size is increased to 200 % but 

a further increase of the second land volume to 300 % only has a modest 

impact on the HC emissions. One explanation to this nonlinear behavior is 

the difficulty in calculating the second land volume for the standard piston 

due to the small clearance between the piston and cylinder wall, which was 

discussed in the Piston modifications chapter. Another explanation can be 

that there is a very small area in which the unburned air/fuel mixture can be 

squeezed down into the second land volume through. This means that the 

flow should be choked most of the time and that the flow rate therefore 

cannot be increased enough to fill the second land volume when it is 

increased to 300 %. Part of the gas which gets squeezed down into the 

second land volume, when it is increased to 300 %, can also be burned 

products. 

To investigate if the HC emissions will decrease when the second land 

volume is minimized tests were carried out when the end gap of the second 

piston ring was increased to 5 mm. The increase of the end gap of the 

second piston ring means ideally that the pressure between the first and 

second piston ring will be the same as the pressure in the crank case, which 

is approximately atmospheric pressure, meaning that the unburned air/fuel 

mixture which gets squeezed down into the second land will go down to the 

crank case instead of going back to the cylinder. The results from these 

tests, shown in Figure 21, show that the engine–out HC emissions decrease 

when the end gap of the second piston ring is increased. There is only a 

modest decrease for lambda 1-1.66 but a big decrease for lambda 1.9 and 

2.17. For lambda 1.9 part of the big difference in HC emissions can be 

addressed to an increase in the CoV for the standard piston as shown in 

Figure 22 and for lambda 2.17 as mentioned earlier other factors such as 

flame quenching has a big influence. 
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Figure 22 CoV at different lambda values. 

Since the HC emissions showed a nonlinear trend when the second land 

volume was increased no linear approximation could be made to investigate 

the contribution to the engine-out HC from the second land volume. To have 

some kind of understanding of the contribution to the engine-out HC 

emissions from the second land volume it is calculated as the difference 

between the HC emissions levels for the standard piston and the piston with 

the increased end gap of the second piston ring. The results from these 

calculations are shown in Figure 23. The trend that can be observed is the 

opposite trend which was observed for the top land volume. 

 
Figure 23 Contribution to engine-out HC emissions from second land volume. 
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5.4. Crank angle resolved HC measurements 

A helpful tool when investigating the origin of the HC emissions in a 

combustion engine is a Fast response FID. This instrument is constructed in 

such a way that it can measure the engine-out HC emissions crank angle 

resolved. By studying the shape of the graphs produced by this instrument, 

when different engine parameters is changed, a better understanding of the 

different sources of the HC emissions can be derived. In this chapter the 

shape of these curves will be described and explained. 

In Figure 24 the crank angle resolved engine-out HC emissions for lambda 

1.66 at 7 bar BMEP are shown. The measured crank angle resolved engine-

out HC emission curves are averaged over 97 consecutive engine cycles. 

The curves are also adjusted sideways so the point where the HC emission 

start to increase before the first maximum peak starts at EVO to compensate 

for the time delay due to that the measuring probe is not located at the 

exhaust port and the time delay caused by the length of the measuring 

probe. 

 
Figure 24 Crank angle resolved engine-out HC emission for lambda 1.66. 

The crank angle resolved HC emissions curves have three distinct maximum 

peaks. The HC concentration before the exhaust valve opens is combustion 

products which originate from the previous cycle since there is no mass 

flow when the exhaust valves are closed. When the exhaust valves start to 

open the HC concentration starts to increase and reaches a first maximum 
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and thereafter, after the exhaust blow-down, decreases to a low level. This 

low level of HC concentration is associated with the low level of unburned 

HC concentration in the bulk gas [18]. After this low level the HC 

concentration increase, reaches a maximum and thereafter decreases again. 

This middle peak has in earlier studies [18] been explained to originate from 

a short reverse flow of the exhaust mass flow after the exhaust blow-down 

period which means that part of the gas originating from the blow-down 

period is analyzed again. Thereafter, at the end of the exhaust stroke, the HC 

concentration increases again. The last peak is, according to the literature [3, 

6], associated with the tumbling vortex, at the edge of the piston top and 

cylinder wall, which gets pushed out of the cylinder at the end of the 

exhaust stroke. When the end gap of the second piston ring is increased the 

last peak is lowered. This trend can be seen for all the lambda values in the 

lambda sweep presented in Figure 21 in the previous section. For the case 

when the top land volume is increased no specific trend can be seen for the 

last maximum peak at the crank angle resolved engine-out HC emission. 

This implies that a big part of the last peak in the crank angle resolved 

engine-out HC emissions originates from the unburned air/fuel mixture 

which comes from the second land volume. This is also supported by the 

discussion in the previous chapter where it was concluded that part of the 

outflow of unburned air/fuel mixture from the second land occurs in the 

exhaust stroke. 

To investigate how big influence the fluctuations in the exhaust back 

pressure have on the crank angle resolved HC measurements the exhaust 

back pressure were also measured crank angle resolved. In Figure 25 the 

crank angle resolved engine-out HC emissions and exhaust back pressure 

for lambda 1.66 at 7 bar BMEP for the standard piston is shown. The 

pressure oscillation in the exhaust back pressure originates from the 

pressure pulse that comes at EVO which becomes reflected when it reaches 

an area change in the exhaust pipe. After EVC at 355° ATDC there is no 

exhaust flow meaning that the small maximum peaks in the HC emissions 

originates from the fluctuations in the exhaust back pressure. The crank 

angle between these maximum peaks in the HC emissions and the crank 

angle between the corresponding maximum peaks in the exhaust back 

pressure is the same, also confirming the previous statement. These small 

peaks in the crank angle resolved HC emissions curve when the exhaust 

valves are closed caused by the fluctuation in the exhaust back pressure 

shows that the pressure has a small influence on the crank angle resolved 

HC emissions measurements. This implies that the three maximum peaks in 

the HC emissions curve are not caused by the pressure fluctuations in the 

exhaust back pressure. 
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Figure 25 Crank angle resolved engine-out HC emissions and exhaust back pressure for lambda 

1.66. 
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6. Conclusions 

In this project engine tests have been carried out with a diesel dual fuel 

engine to investigate how big part of the engine-out HC emissions that 

comes from the piston ring pack crevices. 

The flame is not able to consume the air/fuel mixture in the top land volume 

with the standard top land clearance of 0.6 mm but increasing this clearance 

to 2.1 mm enables the flame to consume most of this air/fuel mixture. The 

most influencing parameter on the flames ability to burn down into the top 

land volume is the combustion phasing and it is much more influencing 

when it is advanced than when it is delayed.  

At the engine load 7 bar BMEP the HC emissions have an almost linear 

trend with an increase in top land volume for lambda 1.43, 1.66 and 1.9. The 

same trend could be seen at the engine load 10 bar BMEP but there a linear 

trend could be seen even at lambda 2.17 which was explained by a better 

combustion at the higher engine load. At lambda 1 and 1.21 the HC 

emissions were unaffected when the top land volume was increased at both 

7 and 10 bar BMEP. A decrease in top land volume resulted in a decrease in 

the HC emissions at 10 bar BMEP. That the HC emissions were unaffected 

by an increase in top land volume was explained by a combination of good 

in cylinder oxidation and choked flow of the unburned air/fuel mixture into 

the top land volume at these low lambda values. The contribution to the 

engine-out HC from the top land volume for 7 and 10 bar BMEP at different 

lambda values is shown in Table 7. No estimation could be made at lambda 

1 and 1.21 at 7 bar BMEP since the HC emissions at these lambda values 

were unaffected by top land volume size. 

Table 7 HC originating from top land volume for 7 and 10 bar BMEP at different lambda values. 

Lambda 1 1.21 1.43 1.66 1.9 2.17 

7 bar BMEP [%] - - 28 52 32 0 

10 bar BMEP [%] 50 48 59 70 41 19 

When the second land volume was increased an increase in the HC 

emissions could be seen for lambda 1-2.17. An explanation to the increase 

in HC emissions at lambda 1 and 1.21 is that maximum second land 

pressure occurs after maximum cylinder pressure. This means that flow of 

unburned air/fuel mixture into the second land volume will continue after 

maximum cylinder pressure where the flow into the top land volume were 

expected to be choked for these lambda values. Another contributing factor 

to the increase in HC emissions at lambda 1 and 1.21 is that the second land 

pressure is higher than the cylinder pressure during part of the exhaust 

stroke. This means that unburned air/fuel mixture from the second land 

volume will flow back into the cylinder when the temperature is low 

resulting in bad oxidation of this unburned air/fuel mixture.  
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7. Abbreviations 

ATDC After top dead center 

BMEP Brake Mean Effective Pressure 

CA Crank angle 

CA50 Crank angle when 50% of the fuel is burned 

CNG Compressed natural gas 

CoV Coefficient of variation 

DDF Diesel Dual Fuel 

EVC Exhaust valve closing 

EVO Exhaust valve opening 

FID Flame ionization detector 

HC Unburned hydrocarbons 
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Appendix 

Two-wall quench distance 

 
Figure 26 Lambda sweep at 10 bar BMEP. 

 
Figure 27 Lambda sweep with intake temperature 60° C. 
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Figure 28 Lambda sweep with CA50 at 2° ATDC. 

 
Figure 29 Lambda sweep with CA50 at 18° ATDC. 
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Choked flow calculations 

To be able to calculate if the flow into the top land crevice becomes choked, 

the mass flow rate into the crevice was calculated. To be able to calculate 

this mass flow it had to be calculated how big part of the cylinder charge 

which is squeezed down into the top land volume. This was done by using 

the ideal gas law, Equation 3. 

             (3)  

Where p is the pressure in Pa, V is the volume in m
3
, m is the mass in kg, T 

is the temperature in K and R is the gas constant which is ≈287         . 

From equation 3 the mass fraction of the total cylinder charge which is 

squeezed down into the top land volume is derived in Equation 4. 

   
        

    
 

        

    
 

    

        
  (4) 

Where Vcyl is the cylinder volume, Vtopland is the top land crevice volume, 

Tcyl is the cylinder temperature and Ttopland is the temperature in the top land 

crevice. Ttopland is approximated to 425 K. ԑ is calculated for every crank 

angle degree when the intake- and exhaust valves are closed. The flow rate 

into the top land crevice is calculated from the difference in mass in the top 

land volume between every crank angel degree. 

The theoretically maximum flow rate into the top land crevice when the 

flow is choked is calculated by Equation 5 [19]. 

                   
 

   
 

   

   
  (5) 

Where       is the mass flow rate in     ,   the flow area in   ,   the 

discharge coefficient,   specific heat ratio,   the density of the gas in 

      and   the cylinder pressure in Pa. 

 


