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Sammanfattning 
Med HCCI motorn sker förbränning på två olika sätt. Dels har den en Otto förbränning som 
en vanlig bensinmotor med tändstift och dels har den kompressionsantändning av bränslet 
som i en Diesel. Dessa två förbränningssätt kräver olika förhållanden på bränsle/luft 
blandningen. För att lösa detta har en variabel luftpump utvecklats.  

Utvecklingen skedde med hjälp an systematisk produktutveckling där ett funktions/medel träd 
användes för att ta fram olika koncept. Fem olika kompressortyper jämfördes och flera olika 
sätt att driva pumpen samt att reglera luftflödet. Ur detta vart en vingpump med variabelt 
deplacement och direktstyrning vald.  

Med ett teoretiskt deplacement på mellan 33 kubikcentimeter per varv till 72 kubikcentimeter 
per varv ger det en leveransgrad till motorn på 87 % till 189 %.  
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Abstract 
 
The HCCI engine has two modes of running; one is Otto mode which is like an ordinary 
combustion engine the other mode is the HCCI mode where the compression ignites the fuel 
mixture. These two modes need different air to fuel ratios. To accommodate this, a variable 
displacement scavenge pump have been developed.  

For the development of the scavenge pump different concept were generated with the help of 
a function/means tree. Five different types of compressors were compared and several 
different ways of driving the compressor and adjusting the airflow. A sliding vane compressor 
driven by direct connection to the engine and with variable compression was chosen as the 
final concept.   

With a theoretical variable displacement of from 33 cubic centimeters per revolution to 72 
cubic centimeters per revolution it gives a delivery ratio between 87 % and 189 %.  
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1 Introduction 
This chapter covers the background, purpose, boundaries and method for this master thesis.  

1.1 Background 
The HCCI engine is a counter piston engine working according to the 2-stroke principle and 
uses HCCI combustion. HCCI is a combination of the Otto engines Homogeneous Charge 
Spark Ignition and the Diesel engines Stratified Charge Compression Ignition giving the 
expression Homogeneous Charge Compression Ignition. What this means is that the fuel is 
injected as a homogeneous mixture of air and fuel as in an Otto engine, but the mixture is then 
ignited by compression and not by a sparkplug as a diesel engine.  

The advantages with the HCCI combustion are many. Since the combustion is fast and at a 
low temperature the development of NOx is reduced. A homogeneous mixture of gasoline 
does not have the fat zones which the diesel spray has and by that sot formation is avoided. 
The emissions from the engine mostly consist of HC and CO which can effectively be filtered 
by the catalytic converter and that is what makes this engine so environmentally friendly.  

Another advantage with the HCCI engine is the possibility of running it with a high lambda. 
The Otto engine uses one part air to one part fuel whilst the HCCI engine can be run with ca 
two parts air to one part fuel. This gives a lower combustion temperature which gives a 
smaller heat loss in the engine. 

The problem with the HCCI-combustion is that it is hard to regulate and it is nearly 
impossible to affect when the combustion takes place. The revolutionary about this engine is 
that the compression can be controlled by changing the phase angle between the two pistons 
by using a mechanism patented by HCCI Technologies. This mechanism also allows control 
of the relationship between the opening and closing of the exhaust port and the intake port. 

There are a lot of advantages by using a 2-stroke engine the main one being that it produces 
power on every stroke. Another is that there are no camshafts or valves which steal power. 
With the two counter acting pistons the heat loss is reduced since there is no cylinder head for 
the heat to transfer to. The engine is very balanced and does not have the vibrations that an 
ordinary engine has. A cutaway view of the engine can be seen in figure 1.  

 
Figure 1 Cutaway view of the HCCI engine  
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1.2 Purpose 
Since the HCCI engine is a 2-stroke engine it needs a way to scavenge the exhaust gases out 
of the cylinder after combustion. On a 4 stroke engine this is done by one of the extra strokes, 
and on most 2 stroke engines the scavenge is done by the crankcase pumping air into the 
cylinder. This engine does not have crankcases large enough to scavenge the cylinder 
completely and must therefore have an external scavenge pump. This thesis is about finding a 
scavenge pump suitable for this engine.    

1.3 Boundaries 
The boundaries of this project is that, even though a lot of work and time has been put in to 
getting the engine in working order and to improve it to get a stable run, this report is about 
the scavenge pump. A technical specification of the scavenge pump for the engine has been 
made and will be shown in a later section. This specification indicates what is demanded of 
the pump and set its limits and therefore also the boundaries for this project.  Other 
boundaries are concerning time and money.  
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2 Frame of reference 
The pump that the engine was using is a sliding vane pump from a Mitsubishi L300 truck. It 
can be geared to produce different delivery rates but most specifications of the pump are 
unknown. The problem with the pump is that the vanes slide out by centrifugal force and 
there is nothing holding them back when the centrifugal force gets to large. The centrifugal 
force is dependent on the rotational speed of the pump. When the rpm is increased to get a 
higher delivery ratio the pressure between the vanes and the wall gets too high. This increases 
the friction and therefore produces heat. The heat produced is fatal to the lubrication of the 
pump and without lubrication the pump fails.  

The delivery ratio needed for the engine gives the amount of air that the pump is required to 
provide. Previously the delivery ratio has been around 40% in HCCI mode which equals 
about 100 g/min. This ratio has been kept low to allow exhaust gases to remain in the 
combustion chamber to get a higher temperature for the next combustion.  

Since the engines layout is in some parts based on the Junkers Jumo 205 with uniflow 
scavenging and design that allows the intake air to swirl through the cylinder allot of 
information about the engineering of this engine has been gathered. There are also other two 
stroke engines with uniflow that have been looked at.   
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3 Method 
To produce the best possible pump for the engine a method of systematic product 
development was used. The project was divided into five stages; planning the project, 
generating a concept, choosing a concept, applying the concept and presenting the concept.  

3.1 Planning the project  
In the beginning of the project a Gantt chart was made where all the things that needed to be 
done for the engine to run was shown. Finding a pump for the engine was done parallel to that 
and the deadlines for the stages of the project are marked on the chart. The project plan and 
the Gantt chart can be seen in appendix 1.  

3.2 Generating a concept 
To generate a concept a technical specification for the pump was the first thing to be made. 
After that a function analysis was made and then a function/means tree was produced.   

3.2.1 Technical specification  

The purpose of the technical specification is to formulate what’s demanded of the product. 
The difficulty was to find out what the engine wanted the pump to produce. Other things 
investigated were what size the pump could have and what rpm it should work at.  

3.2.2 Function analysis 

The function analysis is made to divide the problem into smaller parts so that a solution for 
each part can be found later in the function/means tree. Figure 2 shows the function analysis 
for the pump.  

 

Type of drive Typ of compression Control of 
airflow  

In: Air at  20 °C & 
1atm 

out: Air at 170 g/min 

Pump

 
Figure 2 the pumps function analysis 

3.2.3 Function/means tree 

With the function/means tree each part of the problem can be solved independently. When all 
problems have one or more solutions it’s possible to match up different solutions to generate a 
couple of concepts. The function/means tree can be seen in appendix 4.   

3.4 Choosing a concept 
The function/means tree produced concept has to be evaluated and checked so that they are 
complying with the technical specification. The concepts still remaining has to be set against 
each other and be evaluated. From this one ore more concepts will be chosen. The next step is 
to test the concepts to see if they fulfill the technical specification.  
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3.5 Applying the concept  
When one final concept is chosen it needs to be tested together with the engine and tuned to 
produce what’s expected.  

3.6 Presenting the concept 

When the concept is chosen and tested it will be presented in a written report and an oral 
presentation.  
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4 Results 
The results from this project will be shown in the categories mentioned in the method section.   

4.1 The technical specification 
The technical specification of the pump was developed based on the information gathered 
from previous years experiment, own observations and comments from peers and supervisors. 
It can be seen in appendix 2 and also as a summary below. 

• The pump shall deliver up to 250 g/min of air within max RPM. 
• The pump should deliver 170 g/min at optimal RPM 
• The pump shall be constructed to withstand the environment caused by the engine 
• The pump shall not heat the air to more than 60°C 
• The pump should have a low production price 
• The pump should be as light, under 5kg, and small as possible 
• The pump should be as maintenance free as possible 

The requirements are held pretty loose so that a variety of pumps can be tested. The reason for 
wanting a delivery of 250 g/min is because that represents about 100% delivery ratio at 5000 
RPM which seems to be the RPM the engine works good at. It would be preferable if the 
pump delivered around 170 g/min at its optimal RPM since that seems to be the delivery ratio 
that is working best for the engine. It is important that the pump can withstand the 
environment around the engine such as high temperatures and oil.  There is a limit on cost as 
well, both when buying the pump for this prototype engine, and also concerning the 
production price of the pump. If there is interest in this engine and it need to be mass 
produced then the pump can’t be too expensive or the total cost of the engine would be too 
high. Since the engine is about being small and efficient there can’t be a large heavy pump 
weighing the concept down. The pump should be under 5 kg. To have an easier installation 
and to be sure of no problems the pump should be as maintenance free as possible, preferably 
no need of constant lubrication or cleaning.  

 

4.2 Function analysis 

The function analysis has as an “in value” of air at 1 atm in pressure and 20°C in temperature. 
These values are chosen since they reflect the environment in the test cell and because they 
are likely to occur in other settings where the pump may be used. The operand which is the 
pump in this configuration is then divided into its main functions; type of drive, type of 
compression and gearing. The reason for dividing it in this way is because these are functions 
that can differ a lot between different pump types. A solution to one of the functions does not 
intervene with another function and therefore a lot of different concepts can be generated. The 
“out value” is, air at 170 g/min, this is the target value as has been seen in the technical 
specification.    

 

The pump has been broken down to these functions because in order to have movement of air 
there needs to be some sort of compression or way to move the air. Secondly the pump needs 
to be driven in some way. Control of airflow is the function that needs most explanation. 
Since this engine has two modes of running; Otto and HCCI, it needs two different air flows. 
As mentioned in the introduction the Otto engine uses one part air to one part fuel whilst the 



HCCI engine can be run with about two parts air to one part fuel. The gearing is needed to get 
a more constant output of power. To do this the fuel injected needs to be held constant and 
therefore the amount of air needs to be varied. To vary the air, control of the airflow is 
needed. 

 

4.3 Function/means tree 
The top level of the function/means tree is of course the pump after that it’s divided into the 
functions from the function analysis; type of drive, type of compression and control of 
airflow. To satisfy these functions a lot of means have been created. These means will be 
explained now.  Shown in figure 3, and also as a more graphic version in appendix 3, is the 
function/means tree for the pump.  

 
Figure 3 the pumps function/means tree 

 

4.3.1 Type of drive 

There are mainly two different ways to make the pump move, electrically or mechanically.  

 

4.3.1.1 Electric drive 

An electrically driven pump has the advantage of controlling the speed easily and therefore 
being able to increase or decrease the delivery ratio rapidly. The most positive part of this is 
that, unlike a throttle, it will be done without any loss of power. The disadvantage of an 
electrically driven pump is that there is going to be more effect losses when transferring the 
engines rotational energy into electric energy. There will be losses in both the generator and 
in the electric motor. Another disadvantage is that running with both a generator and an 
electric motor there will be a lot of extra weight which is not wanted.   
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4.3.1.2 Mechanic drive 

Mechanical drive can be either by a belt, chain or another direct linkage.  

A mechanical drive consisting of a belt would be the easiest solution since the previous pump 
was belt driven. The efficiency in transferring power with a belt is at least 90 % and it does 
not add much weight at all to the engine concept.  The negative thing with a direct belt drive 
is that there is no fast way to change the speed of the pump. It is possible to have a 
Variomatic type transmission between the engine and the pump but that setup would be 
complex, expensive and quite heavy. 

 A chain could also be used, this would increase the efficiency and probably the reliability but 
would add weight and require a bit more maintenance. Another sort of mechanical drive is a 
gear drive which has up to 99% efficiency and very high reliability. It will be space saving 
and a very light configuration. The disadvantage is the cost of producing the cogwheel is 
high; at least when the gearing of it is not determined and multiple wheels are required. 

The best way to drive the pump considering weight, cost and efficiency is by directly 
connecting it to the engine. This would require precision when assembling to get the pump 
align correctly. It also makes the placement of the pump less flexible.      

    

 

4.3.1.3 Exhaust drive  

Having an exhaust driven pump, much like a turbo, the pump would not take any power from 
the engine. The problem is that there would be no airflow without any exhaust and no exhaust 
without any airflow. This could be solved by having maybe a secondary air pump but that 
would add weight to the engine. Another thing to watch with an exhaust driven pump is that a 
2 stroke engine is very sensitive about the gas exchange and disturbing the exhaust flow could 
dramatically change the engines characteristics. This HCCI engine is not as sensitive as 
traditional 2-stroke engines because it has direct injection.  

 

4.3.2 Type of compression 

To generate compression a pump is needed. There are two main categories of pumps, positive 
displacement pumps and centrifugal pumps. They are divided according to its principle of 
operation where the positive displacement pump generates pressure hydrostatically and the 
centrifugal pump by hydrodynamic means [1]. There are five types of compressors that will 
be compared where the roots blower, screw compressor, piston compressor and the sliding 
vane pump are positive displacement pumps and the centrifugal compressor naturally being a 
centrifugal pump. 

 



4.3.2.1 Roots blower 

For supercharging an engine, the roots blower was the first compressor on the market. It was 
first designed to pump water, but it was soon discovered that it was more effective as an air 
pump. As an air pump it was used to evacuate methane gas and pumping in fresh air into coal 
mines. The reason for choosing the roots blower to do this job was because of its simple 
design where there’s no contact between the lobes and therefore no risk of a sparks igniting 
the gas [2].  

The roots blower works by sucking in air and pushing it through between the lobes and the 
housing. This means that the clearance between the rotor tips and the housing must be small 
enough not to leak too much but large enough not to touch even at high temperatures and high 
RPM. It is also important to have a good seal at either end of the rotor. There have been 
several rotor variations but the original design is based on the principle of cycloidal gears. 
The rotors consist of full arches of the epicycloids and hypocycloid. Since the rotors never 
touch they must be driven by external gears but they are still cycloidal gears of two teeth [12]. 
This design had an efficiency problem due to bad tolerances and it had an adiabatic efficiency 
below 60% [3]. This means that the bigger the compressor is the better efficiency it has. More 
modern design uses a third lobe on each rotor and also twisting the rotor axially as can be 
seen in figure 4. 

 
Figure 4 a modern Roots blower [4] 

This new design and with new manufacturing technology giving better tolerances a roots 
blower can have efficiency close to the other types of compressors. A list of pros and cons for 
the roots blower [3]: 

The pros of using the roots type compressor include: 

• Positive displacement design makes matching engine airflow demands easy. 

• Positive displacement design makes boost production possible at low engine RPM. 

• Simple operation makes it have unmatched long term reliability. 

• Easy installation of an aftermarket design to most engines. 

The cons are: 

• Thermal efficiency of this design is inherently lower than others. 

• Heavy internal parts mean high parasitic losses when boosting. 

• Large size and difficulty of placement can make it hard to add an intercooler. 
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4.3.2.2 Screw compressor 

The screw compressor is very comparable to the roots blower except that the screw 
compressor has internal compression. When looking at a screw compressor it resembles a 
modern roots blower but the operation of them differs a lot. The screw compressor has two 
rotors with twisted lobes usually 4 or more on each rotor. Each rotor has its specific shape. 
One has thin blade style lobes with a fat ridge on the top. While the other has fat teardrop 
shaped lobes with a sharp edge. When the rotors spin the lobes interlock and form a nearly 
airtight section which compresses the air. The nearly airtight lock between the rotors prevents 
the leakage so evident in the roots blower and this is what makes the screw compressor have a 
higher thermal efficiency than the roots blower [3]. The design of a screw compressor can be 
seen in figure 5.  

 
Figure 5 a twin screw compressor [4] 

The pros of using the screw compressor include: 

• Positive displacement design makes matching engine airflow demands easy. 

• Positive displacement design makes boost production possible at low RPM. 

• Easy installation of an aftermarket design to most engines. 

• Thermal efficiency of this design is among the highest. 

• Few mowing parts. 

 

The cons are: 

• Internal compression makes so that a bypass valve can’t prevent parasitic drag on 
motor when not in use. 

• Heavy internal parts mean high parasitic losses. 

• Large size and difficulty of placement can make it hard to add an intercooler 

• High rotational speed. 

• Shorter life expectancy and lower performance with wear.  

• Difficult with dirty environment. 
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4.3.2.3 Piston compressor 

The piston compressor is the oldest and most common of all compressors. It looks and works 
a lot like a combustion engine. It consists of a crankshaft, a piston with connecting rod, a 
cylinder and a valve head. In the valve head the inlet and discharge valves are located. Both 
are simply metal flaps working as one way valves by having one mounted underneath ant the 
other on top of the valve plates. Depending on the motion of the piston one is always open 
and the other closed. The crankshaft is where the power source is connected to the compressor 
and the pistons are the ones doing the compression. A picture of a piston compressor, also 
known as a reciprocating compressor, is shown in figure 6.    

 

 
Figure 6 a piston compressor [7] 

On all reciprocating compressors, there is a clearance between the piston and the valve plate 
to prevent a collision between the two. This clearance gives the piston compressor a lower 
volumetric efficiency then for example the screw compressor which doesn’t have this 
clearance volume. Due to higher demands from the industry on sound level and cost 
effectively piston compressors are now being replaced in many applications to more advanced 
compressor technologies [8].   

The pros of using a piston compressor are: 

• It’s a simple design. 

• No oil carryover. 

• Large range of horsepower 

• Well known design with a lot of spare parts available. 

The cons of using a piston compressor: 

• High maintenance cost 

• Many moving parts 

• High sound level 
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4.3.2.4 Sliding vane pump 

The sliding vane pump, also known as the rotary vane has a rotor mounted eccentrically in a 
cylinder so that the rotor nearly touches the wall on one side. The rotor holds several vanes 
and between two of them and the housing a chamber is formed. The air is drawn from the 
suction port into the chamber. As the shaft rotates the camber becomes smaller and 
compresses the air. The discharge port is located at the point where the gas is fully 
compressed. A picture of a rotary vane compressor can be seen in figure 7. 

 

 
Figure 7 a rotary vane compressor [5] 

The vanes are pushed towards the housing by means of centrifugal force from the rotational 
motion of the rotor. There are different layouts of the rotors, depending on the use of the 
pump. Some rotors have tilted vanes to reduce the force the vane exude on the wall at very 
high RPMs other have springs that reduce the centrifugal force. Lubrication is important for 
the rotary vane pump and most pumps have a built in oil system acting both for lubrication 
and as cooling. Another use of the oil is to seal between the vanes and the rotor and between 
the vanes and the housing [6]. In compressed air tools, vane pumps are also commonly used 
as motors where they convert the compressed air into rotary motion.  

The pros of using a sliding vane pump are: 

• The size of the vane pump is often smaller than other types of compressors doing the 
same job.  

• The simplicity of the design makes it last longer in continuous operation.  

• The design makes maintenance of the unit easy.  

• For moderate pressure applications the unit does very well. 

• The vane compressor improves its performance with wear of the vanes.  

• Forgiving to dirty environments.  

• No critical clearance. 

 

The cons of using a sliding vane pump are: 

• In most pumps constant supply of oil is needed for lubrication, cooling and sealing 
therefore for best performance oil has to mixed with the air. 

• High pressure applications and large airflows are not suited for this design. 
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4.3.2.5 Centrifugal compressor 

The centrifugal compressor is the most widely used compressor in the automotive business in 
the form of a turbocharger. Since it’s not a positive displacement type compressor it works on 
a completely different principle. The compressor works by using an impeller which spins 
inside a scroll designed housing. At high RPM the wheel sends air at very high speed 
outwards from the center inlet towards the housing where it is directed to the outlet of the 
scroll. This is what makes the design work, because as the air slows down it gains pressure 
and temperature and the compression is done [3]. A picture of a centrifugal compressor can be 
seen in figure 8.     

 
Figure 8 a centrifugal compressor [4] 

The centrifugal compressor does not have a reliable airflow amount based on any RPM since 
the compression is not linear with the RPM.  The centrifugal compressor is very efficient 
when working but since it has a lag at low RPMs the total efficiency gets reduced.  

The pros of a centrifugal compressor: 

• Very high adiabatic efficiency levels over large flow rates. 

• Low levels of parasitic drag vs. boost produced. 

• Many different sizes available to precisely match engine’s airflow needs. 

• Light weight and small design make fitment easy. 

• Ease of fitment makes intercooler very easy to add. 

• No oil in the air. 

 

The cons of using a centrifugal compressor include: 

• High compressor RPM means lower long term reliability. 

• High compressor RPM means internal tolerances must be very exact. 

• Inability to be driven at high RPM during low speed engine operation make boost 
available only at moderate RPM. 

• No simple way to control boost levels on crank driven designs, limiting compressor 
RPM vs. engine RPM choices. 

22 
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4.3.3 Control of airflow 

Control of airflow in the pump is the function that lets the pump produce preferably two 
different delivery ratios. The reason is because at the time the engine is starting, before it gets 
warm, it runs in Otto mode. This requires a fuel mixture of about one part fuel to one part air. 
When the engine is in HCCI mode it needs one part fuel to two parts of air. If the air is kept 
constant at the level needed for the HCCI combustion, there has to be twice the amount of 
fuel in the Otto mode to get the right ratio. That would produce too much power and be very 
bad for fuel economy. This is why the air flow can’t be kept constant and a gearing is needed 
for the engine.  

 

4.3.3.1 Electric driven 

As has been discussed in the “Type of drive” section an electrically driven pump has the 
advantage of rapidly changing speed when varying the voltage or the current. This can be 
very beneficial when a gearing is needed.  

 

4.3.3.2 Two pumps     

By using two smaller pumps a reduction of air flow can be achieved by disconnecting one of 
them. This has the advantage that the engine only has to power one pump when it only needs 
half the air since the unused pump is disconnected.  The negative side of this configuration is 
that two pumps would be heavier and probably more expensive than one bigger pump.  

 

4.3.3.3 Gear 

A gear transmission can be used to change the gear ratio between the pump and the engine 
and as a result reduce the speed and get a lower delivery ratio. The transmission can be made 
up by either gears or belts. Using gears, like a transmission in a car, a clutch is needed for 
shifting gears. This will add weight to the setup and be a pretty complex structure. By using 
belts like a Variomatic type transmission the amount of parts would be reduced and probably 
also the weight. The negative side of the Variomatic transmission is that it is complex and 
expensive. 

 

4.3.3.4 Part load     

Valves can be used to reduce the airflow. It can be done in two different ways either by 
having a valve that lets parts of the air out after the pump or by having a valve that reduces 
the amount of air being pumped.  The negative part of having a valve after the pump is that 
the pump always will produce the same airflow but only half of it will be used at times. This 
means that when only half the air flow is required the pump still require the same power from 
the engine. This also depends on what kind of pump is used and how it acts during different 
counter pressures.  The positive part is that it’s probably the easiest solution. The second kind 
of valve is an internal valve that reduces the amount of air being pumped, this solution only 
works on some types of pumps and is hard to fit on a pump that does not have it originally.  

Variable compression is also a way to get part load. This is mostly interesting in the case of 
piston pumps and vane pumps. With variable compression the airflow can easily be reduced 
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and then the power required to drive the pump is also reduced. The pump only pumps the air 
necessary.  

 

4.3.3.5 Choke 

To put a choke on the pump automatically makes it loose efficiency but it is an easy way to 
control the airflow. A throttle is the most common way to control airflow in the automotive 
business and this makes it easy to find parts. The throttle gives immediate response and can 
easily be controlled. Other advantages are that it is easy to install and when fully open it does 
not steal any efficiency at all. The disadvantage is that it does steal efficiency when in use. 
Another way to choke the pump is to put some sort of brake on it. This could be done by 
having a brake like a generator that reduces the power in the pump and transforms it to 
electricity. This would both reduce the airflow and also produce electricity. The negative side 
is that it adds more components which make it more expensive.  

 

4.4 The Concepts 
From the function/means tree the concepts gets developed by choosing a solution/mean for 
every function. Since a belt driven pump is what has been used before and also is a well used 
transmission in the automotive business most concepts will be belt driven. This saves a lot of 
time since the transmission is already in place and the only manufacturing that is needed is to 
get a belt pulley on to the new pump. The choice of compression was also limited since there 
was no way to find a screw compressor small enough for this application. The centrifugal 
compressor was also discarded based on its principal of operation. Since the engine needs the 
airflow at all times the lag of a centrifugal compressor will not work in this application.  

 

Some interesting concepts with different types of gearing and drive where made up.  

An exhaust driven centrifugal compressor, also known as a turbo, could be used. It has an 
internal gearing because of the lag in the compression. If this lag could be altered so that it 
gives the right amount of air for Otto mode in the beginning and then having it give the right 
amount of air for HCCI mode when fully working this would be a very effective choice. The 
difficulties with this design is that the time needed for Otto mode is unknown and that it is 
very difficult to design and build a turbo with these precise requirements.  

Another interesting concept that is pretty complex but very efficient is having an exhaust 
driven centrifugal compressor connected to a generator/electric motor. The electric motor 
could be used in the beginning to, by a clutch, start the entire engine and also drive the 
centrifugal compressor while the exhaust pressure is low. When the exhaust pressure exceeds 
the amount needed to drive the compressor the electric engine switches over to become a 
generator that breaks the turbine to the required speed by generating electricity.  This is a 
pretty complex design that involves many parts but everything is out on the market and 
available for automotive use.   

 

Three concepts went further in the project, those were: 



The first concept is made up by having a belt driven sliding vane pump being geared by a 
throttle. The decision to have a vane pump was because of the ability to have a small sized 
pump that was easy to maintain and could run in continuous tests. 

The second concept is a belt driven piston compressor with part load as gearing. The piston 
compressor was chosen because of the ingenious design of the wobble compressor that will be 
explained later.  

The third concept is a belt driven roots blower with a throttle. The roots blower was chosen 
because of the simplicity of the design, the reliability and because it does not compress the 
air.  

 

4.5 Choosing a concept 
To choose a concept the three that have progressed to this step must be thoroughly evaluated. 
All three pumps that were bought came from the automotive industry because this ensures 
that they can withstand the environment they are going to be tested in.  

The first concept was like the previous pump a sliding vane pump. The problem with the old 
pump was that it needed to run at RPMs that it was not suited for to deliver the airflow 
needed. To circumvent this problem a larger pump was purchased. The advantage of this 
pump was also that no oil was needed for it to run and that it was large enough to produce the 
airflow needed without heating the air too much. To prevent additional heating of the air at 
high RPMs this pump had a mechanism preventing the vanes to press against the housing at 
high centrifugal force reducing the friction that heats the air. The pump was an Denso 
automotive pump used to pump air into the exhaust pipe to aid the catalytic converter with 
combustion at low temperatures. The pump can be seen in figure 9. 

 

Figure 9 vane pump from Denso 
 

When running this pump it gave a really high airflow so that a throttle needed to be added to 
adjust it. This throttle could also be used to reduce the power when the engine was in Otto 
mode. At the same time the second concept was being formed.   
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The second concept was chosen partly because of a very interesting and innovative design and 
partly because of the ingenious way of controlling the airflow. This pump was a piston pump 
but with a wobble plate design. It works by having the pistons connected to a wobble plate so 
that when it rotates the pistons move up and down. The ingenious airflow control is made by 
changing the angle of the wobble plate. When decreasing the angle there is not as much 
compression being done but this also reduces the work needed so no energy is lost due to the 
reduction of air flow.  The compressor that was acquired was an air condition compressor 
produced by Sanden and can be seen in figure 10. 

 

       
Figure 10 a Wobble plate compressor [10] 

This concept was sadly never connected to the engine and tested due to new demands that the 
pump had to be really light weight in order to be used with the engine. This made both above 
concepts obsolete due to their weight.  

With this in mind, the old pump was brought back since it was very light weight. It was 
thoroughly tested trying to find ways to make it produce what was needed. It was altered by 
introducing a constant oil feed to decrease the friction in the pump and also a slide bushing 
was replaced by a rolling bearing as an effort to further reduce the friction. These changes 
made the pump perform better but for constant results and continuous long runs the pump was 
just too small.  

The third concept was then developed in order to meet the new demand. It was now of utter 
importance to keep the weight low. When searching the market for small roots blowers a tip 
from KTH combustion engine professor Hans Erik Ångström to look for dry oil sump pumps 
resulted in contact with Auto Verdi. Auto Verdi is a Swedish based manufacturer of oil 
pumps for dry oil sumps. The dry oil sump pump consists of both an oil pump and also 
multiple stages of roots blowers to evacuate blow by gases from underneath the cylinders. A 
picture of a typical Auto Verdi pump is shown in figure 11.  
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Figure 11 a cut away view of an Auto Verdi dry oil sump pump [11] 

In the front of the pump there is the timing gear which also acts as an oil pump. After that 
comes the different stages of roots blowers. The technicians from Auto Verdi informed that 
the pump is specified to run up to 7000 RPM and the limiting factor is the oil pump. The roots 
blower lobes are not in need of any oil and by opening up the overflow valve inside the oil 
pump and filling it with a little bit of oil the pump should be able to run more or less 
maintenance free for a long time. The housing is made in aluminum to reduce the weight and 
the lobes are coated with Teflon to reduce friction. When talking to Auto Verdi it was decided 
to order a single stage roots blower, with the smallest size of rotor available so that the pump 
would be as small and light as possible. The smallest size rotor had a theoretical displacement 
of 32 cc per revolution which gives a delivery ratio of 84%.     

 

4.6 Applying the concept 
Since the lubrication system on the engine has been questionable the Auto Verdi pump would 
also serve as an oil pump. The synchronization wheels applies pressure to the oil to get a 
circulation, there is an overflow valve which reduces the flow to a certain value. This value is 
set by changing a spring in the overflow valve.  

The roots blower came with a mounting bracket placed between the oil pumping unit and the 
air pumping unit. This bracket was used to mount the pump according to figure 12.  
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   Figure 12 The pump connected to the engine 

The air hoses were connected to either side of the roots blower with one side leading to the air 
filter and flow meter and the other to the intake of the engine. The oil was connected with two 
hoses, one coming from the oil pan and the other leading to the lubrication nipple located on 
the top of the crank case. A pulley with the same size as on the engine was mounted on the 
pump with a belt connecting the two. This gave a gearing of 1:1 which would make the 
pulsations in the roots blower match the pulsations of the engine.  

A test of delivered air at different RPMs was done to the pump and the results can be seen in 
table 1 and figure 13. In table 1 RPM stands form the number of revolutions per minute, 
g/min is the amount of air in grams that is being pumped per minute. This is then converted 
into liters. Since 1 mol of any gas at STP, standard pressure and temperature, is 22,4 liters and 
air is about 80% nitrogen and 20% oxygen. Then, If 22,4 liters of nitrogen weighs 28 grams; 
0,8 liters weighs 1 gram and 0,2 liters of oxygen weighs 0,286 grams. This gives that one liter 
of air weighs about 1,286 grams at STP. Converting this with the ideal gas law you get 1,205 
grams of air per liter at room temperature. Liter (l) is converted to cubic centimeter (cc) and 
from that a value for how many cc the pump produces per revolution is calculated. Since the 
volume of the cylinder is 38 cc, the delivery ratio (DR%) is calculated by dividing the total cc 
of the cylinder by the amount produced by the pump.  
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Table 1    

RPM g/min l/rev cc/rev DR%
500 16 0,027 26,5 70%

1000 30 0,025 24,9 65%
1500 43 0,024 23,8 63%
2000 61 0,025 25,3 67%
2500 74 0,025 24,6 65%
3000 91 0,025 25,2 66%
3500 110 0,026 26,1 69%
4000 129 0,027 26,8 70%
4500 150 0,028 27,7 73%
5000 160 0,027 26,5 70%
5500 188 0,028 28,4 75%
6000 197 0,027 27,2 72%
6500 220 0,028 28,1 74%
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7000 237 0,028 28,1 74%
251 0,028 27,8 73%7500 

   Table 1 Data of delivered air at different RPM   
 

The diagram in figure 13 shows the difference between the theoretical value of 32 cc per 
revolution compared to the measured value at the different RPMs.  

 
   Figure 13 Diagram over delivered air Vs RPM   

As can be seen in figure 13 the measured value does not compare to the theoretical but the 
pump still delivers an average of 70% delivery ratio through the different RPMs.  



4.7 Future work 
Since the performance of the roots blower was on the low side due to poor efficiency and that 
the control of the airflow with a throttle is a bad for efficiency a concept for a pump that 
would fit the engine perfectly was made up. With the wisdom gained from the above concepts 
and tests a vane pump was chosen due to its simplicity in design, a design that makes it easy 
to maintain and that performs better with wear. The vane pump has good performance for its 
size and has an ingenious way to control the airflow with variable displacement.  The pump 
constructed can be seen in figure 14.  

 
   Figure 14 Variable compression vane pump   

The dimensions of the critical parts of this pump have been taken from a project report [13] 
were a vane pump for the HCCI engine is developed. This pump has then been improved so 
that it has variable compression and the vanes are set at an angle and not radially out from the 
rotor.  The reason to have the vanes at an angle is to reduce the force they exude on the 
housing at high RPM and so that longer vanes can be used and therefore a larger displacement 
is achieved.  
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The displacement of this compressor is variable and the minimum and maximum theoretical 
displacement is shown in figure 15 and 16 respectively. 

 
Area = 273 mm2

Volume = 33 cc/rev 

   Figure 15 Striped area marked for the minimum displacement    

 

Area = 595 mm2

Volume = 72 cc/rev 

   Figure 16 Striped area marked for the maximum displacement    
 

To calculate the displacement the area shown in figure 15 and 16 is multiplied with six since 
there are six pockets during one revolution. This is then multiplied with the width of the rotor 
to get the displacement for one revolution. These volumes are calculated with a rotor width of 
20 mm. Since the engine only needs 35 cc to get 100% delivery ratio this pump can be run at 
a 1 to 1 gearing which. Pictures of the vane pump mounted on the engine can be seen in figure 
17 and 18. 
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   Figure 17 Vane pump mounted on engine     

 
   Figure 18 Vane pump mounted on engine     

 

Heat buildup in the in the pump is a concern when mounted on the cylinder. This because of 
the heat in the cylinder will transfer to the pump and heat the air. Since the pump will be 
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working on maximum compression, the mode when it heats the air the most, when the engine 
is cold the air will still be at a low temperature. When the engine gets warmer the air flow can 
be reduced and the air will not be compressed as much and therefore the air stay cool. 

The axel of the pump will be mounted on the axel of the engine. To avoid misalignment the 
pump will be mounted on a rubber seal so that it can align itself to the engines axel. An 
exploded view of the pump can be seen in figure 19. 

 

  
   Figure 19 Exploded view of the pump    
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5 Discussion 
The concept generation is held broad so that it can be used for other applications. If 
information is needed for developing a scavenge pump this report can be a guide of some 
different types of compressors that exists on the market and the advantages and disadvantages 
of them. It also has information about different ways of powering the pumps and how to 
control the airflow.  

The configuration of the HCCI engine is not mentioned in this report due to the fact that the 
engine changes all the time with different parameters and parts. This report will hopefully be 
useful at all stages of the engine and not be obsolete just because a parameter or part is being 
changed. 

The decision to use a two lobe roots blower was to match the 2 stroke principle of the engine. 
When having a 2 lobe roots blower the air pulsates with two peaks per revolution. When 
matching this to a 2 stroke engine so that they have a 1:1 gear ratio the pulsation of the roots 
blower would come at the time the engine needs scavenging. To get this configuration right 
the pump needs to have a displacement that give the correct airflow at the RPM the engine is 
running. This pump is dimensioned to run with the engine at 5000 RPM and then deliver 
airflow of 170 g/min. Since the pump underperforms the measured value is 160 g/min at 5000 
RPM but that is enough to run the engine.  

The vane pump has a lot of advantages to the roots blower mainly the adjustability of the 
displacement and the possibility to run it at low RPMs. The weight of the pump is now 0.5 kg 
this will increase a bit with the motor to adjust the displacement and with material used to 
install the pump.   
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6 Recommendations  
Recommendations for future work with the pump are to have this pump to use when the 
engine is run outside the test bench. In the test bench the air supply should be easy to vary so 
that a delivery ratio can easily be found with the different setups of the engine.  If the exhaust 
pipe is changed the airflow needed would be different, when the engine runs at other RPMs 
there might be a better delivery ratio than what the pump is giving. Since the optimal RPM of 
the engine is not found it is better to have a highly adjustable airflow for the test bench so that 
different delivery ratios can be evaluated.  
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 Appendix 1 Project plan 

Projektplanering examensarbete 
Kim Jaktlund 

John Larsson 
 

Bakgrund 
Många företag som har någon form av motorutveckling har någon gång försökt sig på att 
utveckla en HCCI-motor. I de flesta fall har detta misslyckats och den vanligaste orsaken har 
varit att förbränningsprocessen är för svår att reglera. Hans-Erik Ångström har tagit fram en 
patenterad lösning på detta problem och tester huruvida denna lösning är effektiv är en 
huvuduppgift i detta examensarbete. 

 

Syfte 
Anledningen till att man vill utveckla HCCI-drift är att man vill ta fram en alternativ 
förbränningsprocess som har så lite utsläpp som möjligt. Driften som sådan använder sig av 
fördelar både från OTTO-motorn och från Dieselmotorn men har få av dessa motortypers 
nackdelar. En HCCI-förbränning sker i en homogen bränsle/luft-blandning på låg värme och 
förbränningen sker mycket fort. Detta har som effekt att man får låga utsläpp av NOx samt en 
hög verkningsgrad. 

 

Mål 
Ett första delmål är att anpassa en motorprovcell till fortsatt utveckling av HCCI-motorn. 
Detta inkluderar att städa bort det mesta i form av kablar och elektroniska komponenter för att 
sedan kunna montera ny utrustning från grunden. Den nya utrustningen inkluderar elkablar, 
signalkablar och sådan elektronik som möjliggör att man skall kunna utföra mätningar på och 
övervaka en motor i drift både säkert och störningsfritt.  

Detta arbete kräver i den första fasen, dvs. röjningen av provcellen, ingen speciell kompetens 
utan endast en hel del tid nerlagd då provcellen är mycket rörig. Dock så behövs en viss 
kompetens inom ellära då den nya utrustningen skall monteras och de nya kablarna dras. 

Tid som erfordras för att uppnå detta mål beräknas till ca 6 veckor och arbetet kommer att ske 
så fort som möjligt men då även parallellt med arbetet mot delmål två då de två målen beror 
till en viss del på varandra.  

 

Ett andra delmål är att ta fram en bas för en repeterbar testprocess för utvecklandet av denna 
motor. Detta innebär att man tillverkar eller köper driftsäker kringutrustning eller 
säkerhetsställer att de komponenter som redan finns fungerar som de skall. Syftet med detta är 
att få en så stabil motor som möjligt där så få saker som möjligt kan ändra sig från mellan 
olika motortest.  

Arbetet kräver förhållandevis stor kompetens inom mekanik och maskinkonstruktion och 
även erfarenhet av att ha hanterat just denna specifika motor med dess specifika särdrag. Detta 
delmål är den mekaniska motsvarigheten till delmål ett. Man måste klara båda delmålen för 
att sedan kunna gå vidare med utvecklingsprocessen. Tiden för att klara av detta beräknas 
vara mellan 8 till 12 veckor. 
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Delmål tre är att se till att man får en stabil tvåtaktsförbränning. Denna skall vara driftsäker 
och snabb att uppnå. Då detta i princip redan uppnåddes under föregående termin och då 
dessutom under ogynnsamma förhållanden så borde detta arbete inte ta mer än ett par veckor.  

Kompetensen som krävs för detta arbete är dels att kunna hur systemen i och kring 
motorprovcellen fungerar och dels behövs kunskaper inom förbränningsmotorteknik, 
maskinteknik och mekatronik. 

Tanken med detta är motorn då skall kunna fungera som kraftkälla i bilen Spiros. För att detta 
skall bli verklighet så måste studenterna från mekatronik få en motor att anpassa systemen i 
tävlingsbilen till. 

 

Huvudmålet är att utveckla en motor som går med stabil HCCI-drift. Detta mål är högt satt 
men det är vad som kommer strävas efter under resterande arbetstiden. Kompetenskrav 
kommer även här att inkludera höga nivåer av kunnande inom förbränningsmotorteknik, 
maskinteknik och mekatronik. 

 

Metod 
Genom framtagning av nya komponenter och optimering av redan befintliga sådana skall en 
stabil plattform för utveckling av en HCCI-motor byggas. Utifrån denna ska sedan repeterbara 
tester kunna genomföras i syfte att ta fram en så effektiv HCCI-drift som möjligt. 

 

Tidsplan 
Examensarbetets varaktighet är enligt kontrakt från den 1/9 2008 och skall sträcka sig över 20 
veckor. Enligt muntlig överenskommelse kommer arbetet istället att ske på halvfart och då 
sträcka sig fram till juni 2009.  

Bifogad är en mer detaljrik planering över hur arbetstiden kommer att delas upp.  

 

Introduktion

Syftar till invänjandet vid arbetsplatsen, införskaffandet av datorkonton och dylikt. Då John 
börjar den 1 september och Kim börjar den 15 september sker dessa perioder vid olika 
tillfällen. 

 

Förarbete

En ny provcell skall användas för detta examensarbete. Detta kräver förarbete i form av ny 
dragning av signal- samt elkablar. Denna period innehåller också mekaniskt förarbete samt 
bearbetning av motorkomponenter. 

 

Tester av kringkomponenter

För att utveckling av motorn ska kunna ske någorlunda effektivt så ska tillförlitligheten till 
kringkomponenter vara hög. Därför skall dessa testas var för sig innan de sätts samman med 
motorn.  
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Reservtid

Erfarenhet från förra terminen har visat att man behöver tid avdelad som buffert för att kunna 
ha utrymme för saker som beställningstider och extraarbete. 

 

Förberedelse motortester

Här skall testplaneringen formuleras mer i detalj. Standardproceduren som skall följas vid alla 
tester utformas också under denna period. 

 

Motortester

Denna tid inkluderar förutom själva motortester (av tex optimalt varvtal) även analys och 
reflektion av resultat från tester. Dessa kommer ske löpande efter hand som testerna blir klara. 
En plan mer i detalj om vad som skall testas kommer efter hand att utformas och bli klar först 
under föregående punkt ”förberedelse motortester”. 

 

Påsk

Påsklov för vanliga skolor. Kan användas som reservtid. 

 

Hjälp till spiros

I slutet av januari kommer det, om planen håller, att finnas en färdig motor som möjligen kan 
användas i tävlingsbilen Spiros under kommande termin. Motorn kommer att behöva bli 
modifierad så att den ska kunna fungera ihop med en generator. Detta jobb är för 
mekatroniker att utföra, men de kommer förmodligen att behöva viss assistans i detta.  

 

Rapportskrivning

Tid avsatt för skrivandet av exjobbsrapporten samt även den muntliga presentationen. 

 

Spiros i Tyskland (Med HCCI !)

Spiros kommer att tävla i Shell Eco-marathon sista veckan i maj. Denna tävling är år 2009 i 
tyskland och vi som gör examensarbete kommer naturligtvis vara med ifall nåt skulle hända. 

 

Redovisning

Här kommer den muntliga redovisningen av examensarbetet att ske samt den skriftliga 
rapporten skall även lämnas in. 
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Appendix 2  Technical specification 

Technical Specification 
  -Scavenge pump for HCCI-engine 
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6 Facts and conditions............................................................................................................ 45 
 

1 Introduction  

1.1 Purpose 

The purpose of this specification is to define what is demanded of the pump.  This will then 
be the reference when a concept is to be chosen.  

2 Purpose of the project 

2.1 Project background 

The Homogeneous charged combustion ignition engine, called the HCCI-engine, is a new 
type of engine that is being developed to have high efficiency and low emissions. Since the 
HCCI engine is a 2 stroke engine it needs a way to scavenge the exhaust gases out of the 
cylinder after combustion. On a 4 stroke engine this is done by one of the extra strokes, and 
on most 2 stroke engines the scavenge is done by the crankcase pumping air into the cylinder. 
This engine does not have crankcases large enough to scavenge the cylinder completely and 
must therefore have an external scavenge pump.  
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2.2 Goal of the project 

The goal of the project is to find a pump that will scavenge the exhaust gases out of the 
cylinder and provide oxygen for the combustion.  

2.3 Effect 

If successful the engine will get a more stable environment with a reliable pump. The intake 
air will be cooler containing more oxygen. The pump will be small and light, fitting in better 
with the engine.  

3 Customer and other interested parties 
HCCI Technology, the company behind the engine is the main customer but also the Royal 
institute of Technology has interests in the engine and therefore also the development of the 
pump.  

4 Users 
The users of the pump will be people working with development of the engine. It can be 
assumed that they have a high technical knowledge and that further improvements will be 
done to the pump to better suit the engine as it is being developed.  

5 Boundaries  

5.1 Solution 

The solution should be a pump that is on the market and that can be bought at a reasonable 
price 

5.2 implementation 

The pump will be implemented on the test bench for engine development and possibly in 
whatever vehicle or application the engine will be used in.  

5.3 External connections 

The pump will be connected to an air filter on the fill side and to the intake of the engine on 
the discharge side. Depending on what drive the pump will have it will either be connected to 
the engine via belt or chain for mechanical drive or by the exhaust if a turbo is chosen. There 
could also be a electrical connection if it’s decided to have it electrically driven.   

6 Requirements 
• The pump shall deliver up to 250 g/min of air within max RPM. 
• The pump should deliver 170 g/min at optimal RPM 
• The pump shall be constructed to withstand the environment caused by the engine 
• The pump shall not heat the air to more than 60°C 
• The pump should have a low production price 
• The pump should be as light, under 5kg, and small as possible 
• The pump should be as maintenance free as possible 
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