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Abstract 
In this thesis, a study of an exhaust system on a single cylinder internal combustion engine was 

performed at AVL in Södertälje, from September 2011 to January 2012. 

AVL works with engine and drivetrain development and is involved in the whole chain of development, 

from simulation to construction of hardware and at the end tools for testing, measuring and certification. 

The single cylinder engine is used for tests and research due to its simple construction. AVL´s single 

cylinder (SC) engine is a hybrid based on an LNF (SAAB/GM engine family) head with a long stroke 

crankshaft and a displacement of 550cc, which would result in a 2.2 liter four cylinder engine. The LNF is 

a turbocharged, direct or port fuel injected 4-stroke, with dual overhead camshafts and four valves 

internal combustion engine. AVL needed an optimized exhaust system for this engine. Cylinder and 

exhaust pressure during the exhaust stroke where subjects of focus as the initial pressure oscillated 

round the average exhaust pressure level. 

Measurements were made on the engine for all the necessary data for comparison and calibration of the 

simulated GT-Power model. GT-Post was used for analysis and displaying data and graphs. 

Remodeling of the computer models exhaust system was performed in Gem 3D, a 3-dimensional pipe 

analysis submissive program to GT-Power. Simulations showed that the solution for the pulse oscillations 

were to use a perforated pipe inside a wool filled box. 

The finished product was modeled in NX and constructed to fit the test bed. The new exhaust system 

was also made easier to assemble and maintain in the SC engine test bed. The new exhaust 

system/pulse damper was tested and verified. The cylinder pressure during the exhaust stroke did not 

meet the simulations behavior, but the pressure waves in the exhaust system were reduced. In 

conclusion, suggestions were made of what future work can consist of in order to improve the 

performance of the created pulse damper. 
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Nomenclature  
10/90 Burn duration 10 to 90 % 
AFR Air/Fuel Ratio 
ATDC After Top Dead Center 
BDC  Bottom Dead Center  
BSFC  Brake Specific Fuel Consumption  
BTDC  Before Top Dead Center  
CA50  Crank Angle of 50 % heat released  
CAD Computer Aided Design 
CD Discharge Coefficient 
DI  Direct Injection  
EMS Engine Management System  
EVC  Exhaust Valve Closing  
EVO  Exhaust Valve Opening  
ICE Internal Combustion Engine 
IMEP  Indicated Mean Effective Pressure  
IVC  Intake Valve Closing  
IVO  Intake Valve Opening  
SI  Spark Ignition  
SC Single Cylinder 
TDCF  Top Dead Center Firing 
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1 Introduction 

1.1 Background 
The exhaust system on the SC engine located at AVL powertrain in Södertälje needed some 

reconstruction. The cylinder pressure during the exhaust stroke was oscillating and shaped as a sinus 

wave, with both positive and negative pressures around average exhaust pressure. Since AVL is using this 

engine for development of combustion systems and other research and development projects, accuracy 

in measurements for the testing is crucial. More specifically this thesis is targeted at removing unwanted 

pressure oscillations in the cylinder during the exhaust stroke. The issue at hand as well as an ideal case 

is shown in figure 1. The ideal case would be something more similar to the red line. The pressure-

volume diagram (PV) describes piston movements and volume changes during the four engine strokes 

(see theory chapter).  

 

 

 

 

 

 

 

 

 

Figure 1: PV diagram, red line is desired pressure behavior at exhaust stroke 

 

The main purpose of this thesis is to design and build a new exhaust system to remove these oscillations. 

One of the best tools for pressure trace analysis and simulation of how different components effect the 

pressure wave reflections is the software GT-Power. Essential knowledge for this thesis is understanding 

pressure wave formation, dampening and general behavior of exhaust systems.  

Requirements for the new exhaust system are: 

 The exhaust system should eliminate pressure oscillations during exhaust stroke. 

 The exhaust system should have a pressure relief system. 

 It should be easy to assemble the exhaust system. 

 Sensors should be easy to reach and assemble. 
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1.2 AVL 
AVL is the world's largest privately owned company for development, simulation and testing technology 

of powertrains (hybrid drivetrains, transmissions, electric drives, batteries and softwares) for passenger 

cars, trucks and large engines. 

AVL was founded in 1948 and the main office is located in Graz, Austria. The company has 4600 

employees with about 2000 in Graz and the rest world-wide in numerous locations. The company’s 

turnover was 650 Million Euro in 2010 and about 12.5% of the turnover is used for research. 

AVL Sweden is located in Gothenburg, Haninge and Södertälje with approximately 180 people employed. 

In Sweden, AVL is working with powertrain development, instrumentation and test systems. In 

Södertälje and Haninge AVL have several different types of engine test cells, in a range from small car or 

motorcycle engines to big truck engines. They test cars on a rolling artificial road in terms of fuel 

efficiency and emissions. Currently there is 19 testbeds in Sweden with two new heavy ones under 

construction. 

AVL has three scopes of business – development of powertrain systems, engine instrumentation and test 

systems and advanced simulation technologies.  

1.2.1 Development of powertrain systems 

AVL develops and improves all kind of powertrain systems to the engine and automotive industry. In 

addition AVL develops and markets the simulation methods which are necessary for the development 

work. 

1.2.2 Engine instrumentation and test systems 

The products of this business area comprise all the instruments and systems required for engine and 

vehicle testing. 

1.2.3 Advanced simulation technologies 

The developed simulation software is focusing on design and optimization of powertrain systems and 

covers all phases of the development process. 
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1.3 Engine and test cell 
For accurate testing of an engine’s performance in a work safe environment it is important for 

companies like AVL to have special facilities. These are fire, smoke and noise protected. Test equipment 

is installed in the test cell and there is often engine, electrical and fuel quick mounts. 

AVLs SC test cell only fits one particular engine and it is not easy to exchange it. The test cell consists of a 

control room separated from the engine room with thick walls and special windows to lower noise and 

for safety reasons. The engine is controlled by an electrical brake, which starts the engine, controls loads 

and adjusts the engines revolutions per minute (RPM).  

The control room (displayed in figure 2) contains a desk, chairs and computers where the first two 

monitors from the left are used for data collection and engine/brake control. The third monitor from the 

left is used for cylinder, intake, and exhaust pressure with calculations of indicated mean effective 

pressure (IMEP), burn duration and etc. The fourth monitor is used for EMS control. The door and 

window are made of sound and fire proof materials. The numbers in the picture shows: 

1) Brake control computer/data collection 

2) Indicom, Cylinder/exhaust/intake pressure and calculations from measurements 

3) Engine management control, Ignition/fuel 

4) Engine test cell  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Control room 
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Measured entities in the test bed besides torque and power are temperatures and pressures at 

numerous locations. The intake, cylinder and exhaust pressures are some of the most important 

measurements to be made, and these sensors need special fittings to the engine.  

Figure 3 presents the engine test bed with the engine block, the cylinder head, the intake and the 

exhaust system (In Appendix 5: Technical data of the engine is presented). The orange component is the 

engine brake and on the right wall are the fuel system, exhaust gas analyzer and other equipment fitted. 

The numbers in the picture shows: 

5) Electric brake / motor  

6) Cylinder head 

7) Cylinder pressure sensor 

8) Exhaust pressure sensor 

9) Exhaust pressure sensor water cooler 

10) Pulse damper box / exhaust system 

11) Traverse  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Engine test cell 
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In this case, the exhaust gas composition is measured but to confirm that they are within reasonable 

values. From the measured cylinder pressure values are calculated in entities such as burn duration 

10/90, Crank Angle of 50 % heat released (CA50) etc. 

The design of the existing pulse damper is shown in figure 4 and 5. The pulse damper is a 97 liter box 

made of 3 mm stainless steel with a tapered pipe (from the ᴓ 35 mm exhaust port to ᴓ 72 mm). The 

pulse damper inlet pipe is 670 mm long and it ends 100 mm inside the box. The end of the pipe is cut in a 

45 degree angle (not shown in figure 5). 

 

 

 

 

 

 

 

 

Figure 4: Initial pulsedamper 

 

 

 

 

 

 

 

 

 

Figure 5: Design of initial pulse damper (GEM 3D) 
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1.4 Simulation 
For the simulations of the new exhaust system an one dimensional gas exchange simulation software 

was used. The one dimensional software used was GT-Power and the results were analyzed in GT-Post. A 

correct model use parameters such as pipe length and diameters, pressure and temperature models.  

The exhaust pipe was designed in GEM3D, a computer aided design (CAD) program connected to GT-

Power where the design can be discretized and translated to the same one dimensional object that GT-

Power works with. 

1.5 Construction 
Some of the main parts were modeled in the CAD program NX. Parts for the construction of the exhaust 

system were purchased and thereafter fabricated at AVL´s workshop. The exhaust system was TIG 

welded and made of stainless steel. 
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2 Method 

2.1 Internal combustion engine  
How an internal combustion engine (ICE) works can be described in numerous ways but in this thesis 

only the following three areas are considered: the general engine operation e.g. the four stroke Otto 

cycle, the exhaust system, the exhaust pulse and flow behavior in pipes.  

2.1.1 General engine operation   

There are a number of different internal combustion principles. This thesis will cover the four stroke Otto 
cycle, a spark ignited ICE. The four strokes consists of intake stroke (1), compression stroke (2), power 
stroke (3) and exhaust stroke (4), and can be shown in figure 6. As long as the engine is running these 
four strokes are repeated continuously and the piston moves up and down.  

 

 

 

 

 

 

 

 

 

Figure 6: The four stroke cycle 

1. Intake stroke. Air and fuel is inducted into the engine through the throttle and the open intake valves 

as the piston moves towards its lower position, bottom dead center (BDC).  

2. Compression stroke. Intake and exhaust valves are closed and the temperature rises as the air and 

fuel is mixed and compressed when the piston moves towards its upper position, top dead center (TDC).  

3. Power stroke. Close to TDC the air/fuel mixture is ignited. The combustion process usually occurs in 

the last part of the compression stroke and continues some time into the power stroke (also called 

expansion stroke). During the power stroke the gases are expanded and work is performed.  

4. Exhaust stroke. The exhaust valves are opened and the piston pushes the burned gases out from the 

cylinder. A powerful pressure pulse is created when the exhaust valves is opened. The four strokes 

described are repeated continuously as long as the engine is running. [1]   
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2.1.2 Exhaust systems 

The general purpose of an exhaust system for an ICE is to transfer hot gases to a location where they will 

not harm any occupants of the vehicle or drain the performance of the engine. The exhaust gases can 

exceed a temperature of 700-1000 degrees Celsius. If the hot exhaust gases mix with fresh air, 

temperature is raised in the combustion chamber. Due to the presence of the exhaust gases a limited 

amount of oxygen intake is possible in the chamber. This causes a lowered performance of the engine 

but the advantage is less pollution of the exhaust gases. The operation is called EGR, exhaust gas 

recirculation. [2]  

Another way to lower the emissions produced by ICE is catalytic converters. The catalytic converter 

transforms toxic exhaust chemicals into less noxious substances. The most common catalytic converter is 

a three way catalytic converter. It uses an oxidizing reaction to convert carbon monoxide (CO) and 

unburned hydrocarbons (HC) and a reduction reaction to convert oxides of nitrogen (NOx) to produce 

water (H2O), nitrogen (N2) and carbon dioxide (CO2). 

Engine performance is also influenced by the shape of the exhaust system where length and diameter of 

the pipes are controlling parameters. The shape of the exhaust manifold and the collector geometry is 

crucial for tuning of the torque curve in a multiple cylinder ICE. Exhaust backpressure has a large 

influence of the performance of the engine. Figure 7 describes the effect of backpressure on a V8 engine. 

For an example: at 5400 RPM an exhaust backpressure of 2.5 psi (17.2 kPa) decreases the power output 

by 30 hp, estimated from 430 to 400 hp. The pulsations in the exhaust port can also affect the brake 

specific fuel consumption (BSFC) at part load and the optimum camshaft phasing for these loads. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Result of exhaust backpressure in an ICE 
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For an ICE there are several kinds of reducers for sound emission. Two common types of exhaust 

silencers are the reflective and the absorptive muffler.  In the reflective muffler design (figure 8) the 

exhaust pressure waves reflects in a chamber or series of connected chambers. They interact with each 

other and result in an overall lower sound pressure level. This is based on wave superposition, where 

waves of equal but opposite amplitudes will cancel out to give a total of zero amplitude.  

 

 

 

 

 

 

 

 

 

Figure 8: Design of a reflective muffler 

 

In figure 9 the absorptive muffler design is presented. The sound energy, e.g. pressure waves, dissolves 

by allowing the exhaust gas to pass through a perforated pipe surrounded with porous, absorptive 

materials. Two common types of silencer packing materials are stainless steel and fiberglass wool. 

Around the perforated pipe the stainless steel wool is wrapped to prevent the fiberglass wool of being 

swept out at low pressures or high gas flows. [6]  

 

 

 

 

 

 

 

Figure 9: Design of an absorptive muffler 
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2.1.3 Pulse and flow behavior in pipes  

The gas that flows inside the ICE is unsteady and pulsating. This is due to the piston movements and the 

valves opening and closing. The gas flows in high speed and when the valve opens and closes pressure 

waves are created both in the intake and the exhaust system. These waves travel at speeds equal to the 

local speed of sound. 

There are two types of waves, compression and expansion waves, having a pressure respectively above 

and below the undisturbed pressure. When traveling, compression waves push gases in the same 

direction as the gas flow, while expansion waves push gases in the opposite direction. When these 

pressure waves reach sudden area changes along a pipe they are reflected backwards and forwards. The 

amount of backward and forward reflection depends on the magnitude of area change. These three 

wave behaviors are possible: 

 Waves reaching an abrupt enlargement or an open end are reflected backwards with opposite 

sign, and forwards with the same sign, and this means that these waves push gases in the same 

direction as they are travelling.  

 Waves approaching a sudden contraction are reflected backwards and forwards with the same 

sign, which means that these waves push gases in opposite direction to their travelling course.  

 Waves approaching a closed end are reflected backwards with the same sign. This means that 

these waves push gases in opposite direction.  

The fact that waves behave like described above is used in an intake or exhaust system for an ICE when it 

comes to the removal or introduction of gases in a cylinder.  

These formation, traveling and reflection of pressure waves are related to valve events, since valve flows 

are the driver of pressure waves. Exhaust valve opening (EVO) occurs during the power stroke and it is 

the start of the blow down process. Intake valve opening (IVO) occurs during the exhaust stroke and it is 

the beginning of both the intake process and valve overlapping. Exhaust valve closing (EVC) occurs during 

the intake stroke and it is the end of both the exhaust process and the overlap period. Intake valve 

closing (IVC) occurs into the compression stroke and it is the end of the intake process.  

At EVO, as burnt gases exit the cylinder, a compression wave starts to move towards the exhaust open 

end, where it will be reflected back as an expansion wave. If the reflected wave reaches the cylinder 

during the valve overlapping, between IVO and EVC, it produces a pressure drop downstream of exhaust 

valves. This helps to introduce fresh gases through intake valves and remove burnt gases through 

exhaust valves despite the unfavorable piston motion. The in-cylinder volume first reduces as the piston 

approaches intake Top Dead Center (TDC) position, and then increases as the piston moves towards 

intake BDC position. 

As fresh gases enter the cylinder, an expansion wave starts to move towards the intake open end, where 

it will be reflected back as a compression wave. If the reflected wave reaches the cylinder shortly before 

IVC, it produces a pressure rise upstream of the intake valves. This helps to introduce fresh gases despite 

the unfavorable piston motion. The in-cylinder volume reduces as the piston moves towards 

compression TDC position. During the time between IVC and IVO, pressure waves are bouncing between 
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a closed and an open end and changing their sign at open end reflection. A compression wave reaching 

the cylinder just before IVC produces a pressure rise upstream of the valve and helps the introduction of 

fresh gases into the cylinder.  

The primary exhaust system tuning mechanism involves producing a low-pressure region during the 

valve-overlap period. This is achieved by using the pulse behavior of the exhaust system by choosing the 

right length of exhaust pipe, so that the returning pulse reaches the cylinder at the exact wanted 

moment. [7] 

The reflections of waves at sudden area enlargement are presented in figure 10. There is no reflection in 

a straight pipe. But waves are reflected both at a symmetrical area change and when a pipe is attached 

at 90 degree to the pipe. 

 

 

 

 

 

 

 

 

 

Figure 10: Reflection of waves at area changes 

There are a number of ways to dampen the pressure waves in an exhaust system where one way is the 

Helmholtz resonator observed in figure 11. It is a form of side pipe silencer or pulse extinguisher and it is 

the acoustic equivalence to mechanics spring-mass systems. The main pipe is connected to a sphere 

through a narrow channel where a moveable mass is located.  The sphere is a closed volume and works 

as a spring. The certain area of the narrow channel works together with the mass and volume of the 

sphere and together determines what frequencies the silencer can be used to extinguish.  
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Figure 11: Helmholtz resonator 

 

Figure 12 shows another form of a side pipe silencer. It is a reactive pulse damper where the diameter of 

the inlet hole to the side pipe is much smaller than the wavelength of the frequency that is desired to be 

extinguished. Both the Helmholtz resonator and the side pipe silencer have limitations of witch 

wavelengths or frequencies that are possible to work with. [3] 

 

 

 

 

 

Figure 12: Side pipe silencer 

 

The gas flow in and out of a pipe is crucial for the engine behavior.  Torque and power can be lowered or 

increased at specific RPMs simply by choosing length and diameter of the tubing. When gas flows and 

there is an area enlargement or area contraction the flow of gas will be effected. If a pipe is tapered with 

an even area contraction the speed of gas increases and the opposite when the area expanses along the 

tubing. When gas flows from one volume into a significant smaller area such as into a pipe there can be a 

flow loss depending on how sharp the edges of the pipe are. The loss of flow is described as a discharge 

coefficient (CD) with a value from zero (0 %) to one (100 %) of maximum gas flow.  

Figure 13 shows the pipe inlet with the area contraction. If the radius of the inlet duct is smaller than 0.6 

relatively to the diameter there is a loss of gas flow. If there is no radius at the inlet the gas flow is 

approximately 70 % of the maximum capacity of the pipe [8] [4]. 
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Figure 13: Flow coefficients in inlet ducts with different radius 

 

Gas flow through the perforations in an absorptive muffler is affected the same as the reverse CD in a 

pipe outlet. It is suggested that the holes in perforated tubing should be punched instead of drilled, this 

to encourage the flow of exhaust gas into the absorptive material and impede the flow out (figure 14). 

To reduce the chance of blockage from exhaust soot, a recommended minimum hole diameter is 3 mm.  

Punched holes are not to be over-rated as a pressure wave will pass through a hole with greater ease 

than a continual gas flow (see previous chapter). [6] 

 

 

 

 

 

 

 

Figure 14: Punched holes on the left, drilled holes on the right 
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2.2 Software description 
When calculating, assessing and constructing the exhaust system, following computer software’s were 

used: GT-Power, GT-Post, GEM-3D and UGS NX5. 

2.2.1 GT-Power 

GT-Power is a 1-D-simulation program from Gamma Technology and is a part of the main program GT-

Suite. GT-Power simulates the basics of power and torque, but often more interesting; pressures, 

temperatures and mass flows in all parts of the engine. The program can also predict BSFC due to friction, 

material and chemical conditions. [5] 

In GT-Suite whole power drive trains can be simulated, with ICE, transmissions, hybrid systems and 

electrical engines. Even the sound from the exhaust pipe can be simulated. 

In the developing process of a combustion engine the strategy is often to make a rough computerized 

model, then to build the engine and sent to test in an engine test cell. With new data from the testing a 

refined engine model can be made and fine-tuned. These steps are sometime repeated and finally the 

production engine can be built. 

Depending on the user and what types of simulations that is of interest a working GT-Power model can 

take from a few hours to several months to produce. 

GT-Power is designed for steady state and transient simulations suitable for engine/power train control 

analysis and can be used to simulate all kinds of ICE. The software uses one dimensional gas dynamics to 

represent the flow and heat transfer in the components of the engine model. 

The user constructs the model by dragging and dropping objects in the graphical user interface GT-Suite, 

where the component database offers a broad range of engine components. After linking the 

components with connection objects the user may define properties for each component, setting up 

simulation options such as convergence criteria and specify desired output plots before running the 

simulation.  

In GT-Power one can build models of engines that are very close to reality. To make the model work as 

the real engine, it is most crucial to imitate the real engine down to the smallest pipe and angle. To 

model an engine in GT-Power objects are created like cylinders, crankcases, pipes, turbochargers and so 

on, that are easy to modify.  

Case setups are used to make these objects reference for the measured values. For example RPM and 

air/fuel ratio (AFR) is different for all simulations and has therefore values directed to specific cases. 

Simulation can also be parameter controlled where the user for example can determine the best pipe 

length by choosing a start to end value and the size of increments. GT-Suite presents all the simulations 

and the optimized pipe length can then be chosen.  
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2.2.2 GT-Post 

GT-Post is used to visualize and compare measured, calculated and simulated results in graphs. The data 

could for example be power and torque. The users choose what part of the engine to examine, in my 

case the exhaust system, with temperatures and pressures a specific locations. If I would want to look at 

all that can be calculated by GT-Power it would take days for the computer to run a simulation, but by 

choosing only what is interesting for the user at the moment, computer power is saved and an average 

amount graphs are created.  

2.2.3 GEM 3D 

GEM 3D is a graphical pipe, intake and exhaust system program where the finalized product can be 

visualized. The user can import a three dimensional shape, and for example fill a box shaped silencer 

with pipes, perforated pipes, baffles and wool. The final design is discretized and 1-dimensional objects 

can be copied for calculation in GT-Power.  

A sub model is generally used in GT-Power for these exhaust/intake manifolds due to the fact that 

sometimes thousands of objects are produced. There is a possibility to even listen to the finished 

exhaust system, to analyze sound design and emissions. 

2.2.4 NX5  

UGS NX is a CAD program where design, drafting, modeling and drawings are made.    
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2.3 Testing, simulation and building of the exhaust system 
The main methods of this thesis are divided into test bed operation with data collection. A GT-Power 

model is calibrated to replicate the measured engine parameters. When the model is calibrated several 

types of exhaust systems are designed in GEM 3D and simulated to study the exhaust pulse behavior.  

When the new design is defined a drawing was made in UGS NX5 and all the parts for the new exhaust 

system were ordered. Finally the exhaust system was welded together at AVLs workshop and made to fit 

the single cylinder test cell. 

2.3.1 Test cell single cylinder data collection 

At the single cylinder test cell lots of data were collected. The method of running tests and collecting 

data are a step by step work. First choose a desired RPM, and then adjust the wanted amount of load by 

throttling. This is followed by setting the air/fuel ratio to lambda one and adjusting the spark angle to 

about eight degree after top dead center (ATDC), which is at maximum brake torque.  

The engine runs until a steady state is achieved with all temperatures and pressures at an even level. 

Then data is collected at an average of 400 cycles. Since the pulse behavior was of interest, the intake, 

cylinder and exhaust pressure were measured at crank angle degree resolution. Figure 15 shows the 

cylinder pressure curve in a pressure/volume diagram (the same diagram as in the introduction). Figure 

16 displays the cylinder pressure crank angle resolved, since these graphs are easier to produce and 

understand this is the way I will show cylinder pressure behavior from now and on.  

In appendix 3 an example of how the excel worksheet looks like and the measurements are described. 

All data are stored and easy to import to GT-Post for analyze. 

  

 

 

 

 

 

 

 

 

 

Figure 15: PV diagram, red line is desired pressure behavior at exhaust stroke 
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Figure 16: Crank angle resolved cylinder pressure, red line is desired pressure behavior 

 

2.3.2 GT-Power model validation 

A model of the single cylinder engine was available but not with sufficient detail of the intake and 

exhaust systems. 

Camshaft, valves, piston, burn model, friction and a lot of other properties was already available in the 

existing single cylinder model. Measurements of the test cell installation were made with objects for the 

intake and exhaust system. Figure 17 displays the calibrated model of the SC engine with all objects. The 

dark grey area is the main parts such as crank, connecting rod and piston. The lighter grey area is the 

cylinder head with valves, camshaft properties, intake and exhaust runner dimensions and flow 

coefficients. 

The intake manifold (blue area) is on the right side the engine, where pipes, fuel injector and throttle 

body are located, the first green object up on the right is ambient air, the start of the gas cycle. 

On the left side in the red box, the exhaust system is located with objects for all the differences in 

diameter or bends of the pipe. The end of the gas cycle is described by the green object at the top left 

side. 

The data collected in the test cell was used to setup the different cases that was planned to simulate. 

Following parameters were used in the case setup: Engine speed, AFR, burn duration, CA50, 

cylinder/head heat transfer coefficient, exhaust backpressure, IMEP target, start of combustion and inlet 

temperature. 

To adjust the model so it would match the measured temperatures, pressures, IMEP and so on the 

objects were tuned and re measured. Parameters that were adjusted are: Heat conduction of materials, 

the diameter and lengths of pipes and bends, placements of sensors, delivery rate of injector, 

combustion efficiency, valve lash, oil temperature and fuel content to name some. 
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Figure 17: Calibrated GT-Power model of single cylinder, red area is the exhaust system 

 

In the calibration of the model many simulations were made. One particular parameter that was of 

interest was the exhaust port temperature (figure 18 and 19). The figures present temperature at the 

different cases that were chosen. The temperature at the exhaust port was one of the toughest 

calibrations to match and several adjustments were made in material conditions, surface roughness, 

valve lash etc. all witch had impact on the exhaust port temperature. 

 

 

 

 

 

 

 

 

Figure 18: Exhaust port temperature before calibration   Figure 19: Exhaust port temperature after calibration 
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The most important calibration parameters used in the simulations were intake, cylinder and exhaust 

pressures. Figure 20 shows these pressures crank angle resolved where the maximum peak cylinder 

pressure is not shown. The red line is the pressure inside the cylinder, the blue line is the exhaust 

pressure and the light blue dotted line indicates when and how the exhaust valves are opened. The 

exhaust vale is opened from about 130 degrees to 360 degrees after top dead center firing (TDCF). The 

pulse oscillations are clearly shown. The green line is intake pressure and is approximately 50 kPa and 

means that the engine is throttled. The purple dotted line shows intake valve opening times. The intake 

valves are open approximately 360 degrees after TDCF to 120 degree before TDCF.  The pulse oscillations 

are clearly shown. 

In this particular valve timing setup, there are none or very little overlap between exhaust and intake 

valves and this creates recompression in cylinder. This is seen at 360 degrees where the red line (cylinder 

pressure) slightly increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Crank angle resolved pressures, intake, cylinder and exhaust  
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To calibrate the exhaust pressure oscillations in GT-Power we had to do a lot of work on the exhaust pipe 

objects. Length and diameter were the basics. The CD at the outlet pipe into the 97 liter box was 

essential to get the pressure peaks to 30-50 % of initial amplitude before EVO.  

The pipe extends approximately 100 mm in the box and the end of the pipe is cut in a 45 degree angle. 

When the gas flow is traveling out of the pipe CD is close to 1. Reverse CD when the pulse is returning 

back into the exhaust pipe had to have a value of 0.35, to get the right pulse behavior.   

Figure 21 presents the pressure wave formation where the red line is measured values from test cell, 

purple line is the non-calibrated model and the pink line is with 0.35 in reverse CD.  

 

 

   

 

 

 

 

 

 

 

 

Figure 21: Calibration of reverse CD 
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2.3.3 GT-Power optimization of exhaust system 

With the knowledge of pulse behavior, and dampening theories, the GT-Power models exhaust system 

was rebuilt in different versions and the best one was chosen. A large variety of exhaust system design 

changes were made in the GT-Power model and evaluated. These were the main design variations. 

 Pipe length 

 Box volume 

 Cones 

 Long perforated pipe inside box 

 Wool in box together with perforated pipe 

 Split pipe (reversed 5-cylinder collector) 

 Exhaust pipe without box 

 Several volumes in a row 

 Smallest box size 

Several of the geometries where modeled in GEM 3D (an example in figure 23) and a new GT-Power 

model was developed. Figure 22 shows that many of the exhaust system objects in the red area were 

changed to only one. In figure 24 that object is presented with all the generated objects GEM 3D 

produced. This only shows some of them, thousands are needed to model a 3D muffler in the 1D 

environment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: New GT-Power model, Pulse damper in sub model 
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Figure 23: First GEM 3D model of pulse damper 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Part of Sub model for a pulse damper 



28 
 

2.3.4 Manufacture of the exhaust system 

The new exhaust system was drawn in NX5 (figure 25), it is a simplified version of the complete exhaust 

system visualized in GEM 3D. Boa´s Industriservice cut out the parts for the new exhaust system box. 

Pipes, bends and other parts for the exhaust system is bought from Ahlsell, KL-racing and recycled from 

AVLs work shop. All parts for the exhaust system are made of stainless steel and are welded together 

with a TIG welding machine. The number of separate metal components before welding was 48.  

A complete list of material data and components for the complete exhaust system are found in Appendix 

4: Material and components data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: NX CAD drawing of pulse damper 
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2.3.5 Test cell single cylinder validation 

The old system was run first, this to see that it behaved the same as at the initial data collection test runs. 

Important parameters for calibration of the engine are RPM, throttle position (determines the MAP), and 

spark angle (determines CA50 and IMEP). After testing the old system the new and optimized exhaust 

system was installed and tested at the same steady state conditions. 

The engine was run at 1500, 2000 and 2500 RPM at 50 kPa MAP. This means that the engine was run at 

half throttle only. There was not time to test the engine on full throttle (100 kPa). Neither were there 

possible to run tests on over boost i.e. turbo or supercharging, since a compression ratio of 13:1 was 

used. This is not the same loads and RPM s as the first data collection but since the pulse behavior was 

consistent over all loads and RPM s this is neglected. 

2.3.6 Limitations 

This thesis covers the whole area of research, development, construction and testing which basically is 

the method to work from idea to finished tested product. 

Since so many different areas are covered, help from many friendly coworkers at AVL has been crucial 

for this work to be completed, no really deep going theory or understanding of computer programs has 

been possible. For example GT-Power as a tool for building engines can take several years to master and 

it would be impossible to really understand it in just a few months without professional help. 

The theory part covers pulse behavior in pipes since that is the main focus on this thesis. No studies 

about engine burn models, friction, discharge coefficients, discretization models etc. where done in this 

thesis. 

Engine testing limitations were a maximum engine speed of 3500 RPM due to vibrations and a heavy 

flywheel. It wasn’t possible to choose camshaft, valve timing, size and shape of intake manifold etc. 

Known limitations of the GT-Power program  

 Exhaust pipe ending 100mm inside the 97Liter box. 

 45 degree cut of the exhaust pipe 

 Placing a net in the exhaust pipe 

 Exponentially horn shaped ending of pipe 

 Uncertain wool properties 

 Discretization length under 60 mm 
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3 Results 

3.1 Initial test cell results 

The SC engine was tested at 1000 to 3500 RPM in 500 RPM increments. On three loads, 50, 100 and 150 

kPa MAP. Those loads are approximately at half load, full throttle naturally aspirated and at a boost 

pressure simulating Turbo/supercharger. The collected data is stored in an excel file and in Appendix 3: 

Example of all measured and calculated channels at the SC data collection there is an example of these 

measured entities. 

All these measurements are average value over a time period. There are lots of measurements done and 

many parameters such as fuel flow, pressures, and temperatures etc. are not used in this thesis.  

The most important test cell measurements are compared with the calibrations in the next chapter, 

calibrated GT-Power model. They are intake, cylinder and exhaust pressures. 

3.2 Calibrated GT-Power model 

Figures 26 to 29 shows the calibrated model compared to the measured values from the SC engine in the 

test cell. These are only a few of all the graphs, and they are all of 2500 RPM and 100 kPa of intake 

pressure. The accuracy is similar on all loads and intake pressures. After calibration the model replicates 

the measurements with good accuracy. 

 

 

 

  

 

 

 

 

 

 

Figure 26: Crank angle resolved intake pressure 
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Figure 27: Crank angle resolved cylinder pressure 

 

 

 

 

 

 

 

 

Figure 28: Crank angle resolved cylinder pressure, exhaust stroke 

 

 

 

 

 

 

 

 

Figure 29: Crank angle resolved exhaust pressure  
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3.3 Exhaust pulse analysis 

The key to how pulse disturbance occurs in the cylinder are the abrupt area enlargement when the 

exhaust pipe ends inside the pulse damper. 

An analysis of how the geometry affects the pulses in the exhaust pipe was performed. Figures 30 to 33 

shows pressure in the exhaust pipe approximately 100mm after the flange to cylinder head. These are 

the parameters that were studied. 

• Pipe length from cylinder head to ending in pulse damper – affects the frequency (figure 30) 

• Volume of pulse damper – No significant effect of pulse behavior (figure 31) 

• Dimension of pipe diameter to the pulse damper  – Smaller diameter gives higher amplitude in 

the beginning of the exhaust stroke (figure 32) 

• Pipe length after pulse damper – No effect at all (figure 33) 

 

 

 

 

 

 

 

Figure 30: Phase is changed with 100mm longer pipe 

 

 

 

 

 

 

 

 

 

Figure 31: Smaller volume on the box doesn’t change pulse behavior 
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Figure 32: Changed pipe diameter from 72 to 40mm gives both amplitude and phase changes 

 

 

 

 

 

 

 

 

 

Figure 33: Changed pipe length after box changes nothing   
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3.4 Perforated pipe and wool 

The 97 liter exhaust pulse damper with a long perforated pipe and the box filled with wool was the only 

option that effectively removed the oscillations during the exhaust stroke (figure 34). The perforations of 

the pipe and wool quality were not thoroughly examined but the result was good enough to take the 

decision that this was the concept to be chosen. 

 

 

 

 

 

 

 

 

Figure 34: Exhaust pressure with 97 liter pulse damper 

3.5 Box size and pipe length analysis 

After the solution was found a study of the optimum box volume was performed. The first box with 97 

liter and approximately 3 meters of perforated pipes and wool was compared to a minimal size, 30 liter 

with wool and only 800 mm of perforated pipe. The small box did not meet the pulse dampening 

demands but a 45 liter box with a 1300mm perforated pipe seems to be optimal. 

Figures 35 and 36 presents the small versus the optimal sized box drawn in GEM 3D. Figure 37 and 38 

presents the exhaust pressure comparison between small and optimized size.  The green line is the small 

box pressure curve and the purple line is the optimized box size pressure curve. 

 

 

 

 

 

 

 

Figure 35: Small box size     Figure 36: Optimized (calibrated) box size  
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Figure 37: Angle resolved exhaust pressure 

 

 

 

 

 

 

 

 

Figure 38: Crank angle resolved cylinder pressure during exhaust stroke 

3.6 Wool analysis 

Wool seems to be hard to define as a material but some data was apprehended by Ferrita. To investigate 

the properties of the glass fiber wool in the model, parameters were varied, such as initial temperature, 

thread diameter, material density and wool packing density. Conclusions were that the wool properties 

have an effect on the dampening efficiency, but all data needed to describe the wool in GT-Power was 

not available. 

The wool should be packed in an amount so that it is not too hard or soft, either way the dampening of 

the exhaust pulse will decrease. Data of wool are available in Appendix 2: Wool. 

3.7 Optimized SC exhaust system 

The exhaust pipe is tapered from 40 to 72 mm just after the exhaust flange and has no sharp area 

changes. It is as short as possible and has the straightest imaginable way to the pulse damper. The 

optimal pulse damper volume is 45 Liters, contains a perforated pipe that is 1300mm long. It has 

stainless steel wool fiber wrapped around the perforated pipe and a glass fiber wool filled box volume. 
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The pipe after the pulse damper should go the straightest and shortest way to the test beds ventilation 

system. 

Other design improvements are flex pipes and v-band connections to make it easier to mount/dismount. 

All sensors are mounted on one location close to the cylinder head flange, easy to maintain.  

The GEM 3D (Figure 39) finalized design of the pulse damper visualize the piping, V-band connectors, flex 

pipes, perforated pipe and the wool filled 45 liter box.  Figure 40 and 41 presents the simulated 

pressures compared to the measured pressures where figure 40 is the cylinder pressure and figure 41 

the exhaust pressure. 

 

 

 

 

 

 

 

 

 

Figure 39: Final design of exhaust system 

 

 

 

 

 

 

 

 

 

Figure 40: Optimized cylinder pressure during exhaust stroke  
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Figure 41: Optimized cylinder pressure during exhaust stroke 

 

3.8 Fabrication of pulse damper 

Figures 42 to 47 show the fabricating of the exhaust system / pulse damper. All parts were prepared 

before TIG welding and tested for alignment in the engine test bed. Angle grinder, marker pen and scale 

were the most often used tools. Pipes are tapered with a hydraulic press to right diameters and v-band 

clamps were attached. All parts were point welded and test mounted before TIG welding, weld seams 

were approximately one cm long every third cm so the metal won’t bend of the heat.  
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Figure 42: Pipe from cylinder head to pulse damper    Figure 43: Underside of pulse damper 

 

 

 

 

 

 

 

 

 

Figure 44: Finished first pipe with sensor mountings   Figure 45: First part with flex pipe and v-band connectors 

 

 

 

 

 

 

 

 

Figure 46: Open pulse damper without wool    Figure 47: Finished pulse damper 
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3.9 New exhaust system and test cell verification 

The engine was tested in 1500, 2000 and 2500 RPM engine speeds at 50 kPa MAP. Steady state was 

apprehended. An equivalent air/fuel mixture of lambda one were obtained and CA 50 at 8 degrees ATDC. 

This gave a spark angle of 22 degrees before top dead center BTDC at 1500 RPM, 26 degrees at 2000 

RPM and 24 degrees at 2500 RPM.  

Figure 48 presents the cylinder pressure during 720 degrees (all four strokes) of engine rotation. No 

significant difference in cylinder pressure is seen. In figure 49 the cylinder pressure during exhaust stroke 

is displayed, where a difference in the amplitude are during these crank angle degrees but no significant 

pulse dampening behavior is comprehended.  

At exhaust pressure, in figures 50, 51 and 52 there is a clear dampening of the pulse, but it’s a little too 

slow for the pulse to fully dampened from EVO to EVC. The Y-axis is a non-calibrated pressure. The pulse 

frequency is higher on the new exhaust system. This is because the pipe length to the pulse damper is 

shorter due to the pulse analyze. The old system had a pipe length of 770mm (GT-Power) and the new 

system a pipe length of 640mm. It also seems like the beginning of the perforated section is working like 

an area change where the pulse is reflected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48: Cylinder pressure, existing compared to new pulse damper  
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Figure 49: Cylinder pressure during exhaust stroke, existing design compared to new pulse damper 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50: Exhaust pressure, pulse distribution 1500 RPM 
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Figure 51: Exhaust pressure, pulse distribution 2000 RPM 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Exhaust pressure, pulse distribution 2500 RPM 
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4 Conclusions and discussion 
In this thesis i have covered most areas of product development with starting at problem identification, 

how to solve the problem by testing new designs, manufacturing the new product and finally the test cell 

verification. 

84 simulation models were performed in GT-Power with ten different designs and 25 versions of GEM 3D 

pulse damper models. It would have been impossible to perform these design variations in test cell only. 

To manufacture the new exhaust system many hours of preparation was required for the stainless steel 

pipes and sheet metal, added are around 10 hours of effective welding. Lots of work has been done in 

getting the SC engine to work correctly, about two months has been spent of working on the single 

cylinder test cell with problems like electronics, fuel system and sensors.  

4.1 The pulse damper 

The pulse oscillation comes from when a sharp area change is met by the exhaust gas pulse. Some of the 

pulse is then reflected back to the cylinder where it bounces. This creates the cylinder pressure 

oscillations and is the thesis main subject of this work. The length of the pipe between cylinder head and 

pulse damper has a big impact on the frequency of the oscillations. 

The cylinder pressure dampening demands during the exhaust stroke was not met when the new system 

was finally built and tested. There are some ideas about why that is the situation. The volume of the 

pulse damper and length of the perforated pipe is perhaps too small. In the simulations the initial box of 

97 Liter and a long perforated pipe worked as good as the optimized. It is possible that the larger volume 

should have been used to have a greater marginal to where it actually works. With the smaller volume 

the perforated pipe had to be located closer to the wall of the box and at some locations in the box it 

could be too close.  
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4.2 Future Work 

Since the new exhaust system doesn’t perform as predicted but shows an improvement in pulse 

dampening, there are some areas which could be rebuilt, modified or fine-tuned to get the desired 

behavior. 

The first thought is that the wool is either packed too hard or loose, the density of packed wool is very 

hard to determine and some measurements and testing’s are essential for determine this.   

The transition to perforated pipe seems to work as a pipe ending/area enlargement and an idea is to 

cover the perforated pipe with a 1mm thick sheet metal piece shaped as a cone and mounted with hose 

clamps, this to gradually open up the perforations so no distinct area change is met by the exhaust pulse. 

The start of the perforations should also be at a distance from the box wall, this to increase the effect of 

reverse CD. 

Another thing to exam is the wool distribution inside the box. The quantity of stainless steel and glass 

fiber wool should also be determined. 

If these changes don’t improve the performance of the pulse dampening a larger volume and a longer 

perforated pipe where the distance to the box wall is more than 50 to 60 mm perhaps is needed. It is 

possible to rebuild the old 97 Liter pulse damper with longer perforated pipe and wool. 

Another idea i got from colleagues at school was to test a catalytic converter. It would be hard to do a 

GT-Power model but just to do a quick test bed operation of what a catalytic converter could achieve 

would be interesting. 
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6 Appendix 
 

1: Case setup during data collection 
 

 

 

 

 

Figure 53: Case setup with dependencies of intake pressure and RPM 

2: Wool Properties 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: Wool quality, courtesy of Ferrita 

Case 1 2 3 4 5 6 7 8 

RPM 1005 1506 1999 2497 2997 3495 1005 1506 

MAP 0.501 0.496 0.5 0.499 0.496 0.497 0.995 0.996 

         Case 9 10 11 12 13 14 15 16 

RPM 1999 2497 2997 3495 1506 1999 2497 2997 

MAP 0.996 0.992 0.991 0.986 1.494 1.497 1.507 1.498 
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3: Example of all measured and calculated channels at the SC data collection 
        

Datum 2011-09-13 
      Projekt FVVT 
      Provtyp daglig 
      Bränsle 98 handels RPM 1500 2000 2000 3000 3000 

        

 
Konstanter 

      VM00 Total cylindervolym cm3 549.51 549.51 549.51 549.51 549.51 

ZM00 Cylinderantal 
 

1 1 1 1 1 

RM03 Kompressionsförhållande motor 
 

9.14 9.14 9.14 9.14 9.14 

MWF Molvikt bränsle % 17.95 17.95 17.95 17.95 17.95 

        

 
Manuellt inmatat 

      RL08 Stökiometriskt förhållande 
 

14.45 14.45 14.45 14.45 14.45 

TL03 Daggpunktstemperatur °C 18.0 18.0 18.0 18.0 18.0 

        

 
Medelvärdesbildade 

      
GB00 Använd bränslemängd g 57.903 

-
272.965 42.329 64.050 44.862 

GB50 Använd bränslemängd, coriolis g 58.01 64.98 43.16 64.52 65.25 

HM10 Mättid för bränsle s 180.00 180.00 120.00 120.00 120.00 

ZM10 Totalt antal motorvarv 
 

4521 6006 3999 5995 5997 

IVL1 Lyfthöjd insugsventil 1 mm 0.0 0.0 0.0 0.0 0.0 

IVL2 Lyfthöjd insugsventil 2 mm 0.0 0.0 0.0 0.0 0.0 

IVO1 Öppningsvinkel insugsventil 1 °BTDC 36.0 36.0 36.0 36.0 36.0 

IVO2 Öppningsvinkel insugsventil 2 °BTDC 32.0 32.0 32.0 32.0 32.0 

IVC1 Stängningsvinkel insugsventil 1 °BTDC -265.0 -265.0 -265.0 -265.0 -265.0 

IVC2 Stängningsvinkel insugsventil 2 °BTDC -240.0 -240.0 -240.0 -240.0 -240.0 

EVL1 Lyfthöjd avgassventil 1 mm 0.0 0.0 0.0 0.0 0.0 

EVL2 Lyfthöjd avgassventil 2 mm 0.0 0.0 0.0 0.0 0.0 

EVO1 Öppningsvinkel avgasventil 1 °BTDC 260.0 260.0 260.0 260.0 260.0 

EVO2 Öppningsvinkel avgasventil 2 °BTDC 243.0 243.0 243.0 243.0 243.0 

EVC1 Stängningsvinkel avgasventil 1 °BTDC -20.0 -20.0 -20.0 -20.0 -20.0 

EVC2 Stängningsvinkel avgasventil 2 °BTDC -15.0 -15.0 -15.0 -15.0 -15.0 

PL49 Matningstryck insugsventil(er) kPa -2 -2 -2 -3 -3 

PL50 Matningstyrck avgasventil(er) kPa 9 9 9 9 10 

PX01 Oljetryck aktuatorer kPa -1.0 -1.0 -1.0 -1.0 -1.0 

RG20 EGR-avg % 86.1 86.0 84.6 82.9 87.3 

RG30 Lambda-avg 
 

1.009 1.009 1.009 1.009 1.009 

RG50 CO2-halt okorr. f. kat. medelv. % 0.04 0.04 0.04 0.04 0.04 

RG60 CO-halt okorr. f. kat.  medelv. % 0.018 0.018 0.020 0.022 0.018 

RG70 HC-halt okorr. f. kat.  medelv. ppmC -8 -8 -8 -8 -8 

RG80 NOx-halt okorr. f. kat. medelv. ppm -6 -6 -6 -6 -6 

RG90 O2-halt okorr. f. kat.  medelv. % 0.21 0.21 0.21 0.21 0.21 

RL50 
CO2-halt insugningsrör  
medelv. % 0.04 0.04 0.04 0.04 0.04 

RL30 A/F-avg 
 

47.79 47.31 45.98 45.18 47.71 

AM00 Tändvinkel °BTDC 20.0 40.0 0.0 25.5 6.0 

TDwell DwellTime ms 37.00 37.00 37.00 37.00 37.00 

SOI Start of injection °BTDC 350.00 350.00 350.00 350.00 350.00 
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HB01 Bränsleinsprutningstid ms 6.79 6.00 6.00 5.90 5.90 

PL00 Barometerstånd mBar 982 982 982 982 982 

PL90 Vevhustryck kPa -2 -1 -1 -1 -1 

NM00 Motorvarvtal r/min 1506 2000 1999 2997 2997 

MD99 Dynamometermoment Nm 24.9 19.4 11.3 19.9 12.7 

AM01 Trottelvinkel % 21.39 21.39 21.39 26.59 26.59 

PB02 Systemtryck, bränsle Bar 276.4 264.3 262.5 247.7 247.3 

TB10 Bränsletemp vid motor °C 25.6 27.8 28.5 28.9 29.2 

TB01 Bränsletemp matarrör f skåp °C 23.6 23.2 24.1 24.6 24.9 

QL01 Luftmängd, okorrigerad kg/min 0.2603 0.3010 0.3071 0.4561 0.4577 

MAP MAP kPa 79.4 70.2 68.7 71.7 71.3 

PG23 Avgasmottryck mbar 237 46 50 105 115 

PO07 Oljetryck kPa 374 372 371 369 370 

TL10 Temp i luftslang °C 21.0 21.1 21.2 21.2 21.3 

TL30 Intake Air temp °C 37.2 37.3 37.3 37.3 37.3 

TG35 Exhaust Temperature °C 578 596 756 688 818 

TO04 Oljetemp före motor °C 88.6 90.2 90.2 90.3 90.1 

TO52 Oljetemp efter motor °C 88.7 90.2 90.2 90.3 90.2 

TW54 Vattentemp f. motor °C 88.0 84.2 83.2 85.4 86.6 

TW50 Vattentemp e. motor °C 88.2 87.3 86.8 88.3 90.3 

TW49 Kylv.temp e VVX ret t kyltorn °C 85.0 83.3 82.5 83.7 85.4 

SN00 SmokeNumberMean FSN 0.101 0.101 0.101 0.101 0.101 

SN01 SmokeNumber S1 FSN 0.091 0.091 0.091 0.091 0.091 

SN02 SmokeNumber S2 FSN 0.112 0.112 0.112 0.112 0.112 

AM25 Läge EGR-ventil V 0.00 0.00 0.00 0.00 0.00 

AM26 Läge EGR-ventil % 0.0 0.0 0.0 0.0 0.0 

        

 
Indikerat 

      IMEP IMEP Bar 6.35 5.30 3.35 5.67 3.94 

IMEPcov Cov IMEP % 0.4871 1.3390 7.4410 0.7827 5.7277 

AI10 CA10% ° -0.34 -13.77 33.18 -1.63 25.38 

AI10cov Cov CA10% % 
-
400.46 -12.44 7.81 -72.03 7.58 

AI50 CA50% ° 7.65 -6.13 52.93 7.78 43.87 

AI90 CA90% ° 17.14 8.35 70.29 24.28 64.28 

IMEPH IMEPH Bar 6.75 5.62 3.74 6.15 4.45 

IMEPHcov Cov IMEPH % 0.37 1.39 6.69 0.60 5.04 

IMEPL IMEPL Bar -0.40 -0.32 -0.39 -0.48 -0.50 

IMEPLcov Cov IMEPL % -6.30 -10.10 -2.80 -4.52 -2.58 

PMAX PMAX Bar 36.59 38.78 10.73 30.94 11.32 

PMAXcov Cov PMAX % 4.50 2.01 0.74 5.25 3.16 

APMAX APMAX ° 13.9 3.4 -0.4 14.0 6.9 

APMAXcov Cov APMAX % 11.9 40.0 -598.0 11.9 250.7 

PMAN1 Tryck inloppsrör Bar 0.799 0.710 0.696 0.724 0.720 

RMAX RMAX Bar/° 1.98 2.49 0.24 1.44 0.25 

ARMAX Max rise location ° 6.8 -6.3 -20.3 4.6 -19.7 

MD12 moment Nm 27.75 23.19 14.66 24.81 17.24 

RIND Ringing index MW/m^2 0.707 1.871 0.063 1.750 0.146 

        

 
Beräknade Variabler 

      EM00 Motoreffekt kW 4.38 4.86 3.07 7.79 5.41 
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EM01 Motoreffekt, DIN-korr. kW 4.52 5.02 3.17 8.05 5.60 

EM03 Motoreffekt, DIN-korr. Temp kW 4.39 4.87 3.08 7.81 5.42 

EM04 Motoreffekt, DIN-korr. Tryck kW 4.52 5.01 3.17 8.03 5.58 

MD13 Bromsat moment, DIN-korr. Nm 28.7 24.0 15.2 25.6 17.8 

MD15 
Bromsat moment, DIN-korr. 
temp Nm 27.8 23.2 14.7 24.9 17.3 

MD16 
Bromsat moment, DIN-korr. 
tryck Nm 28.6 23.9 15.1 25.6 17.8 

NM01 Beräknat medelvarvtal r/min 1507 2002 2000 2998 2999 

PL01 Vattenångans partialtryck mbar 6.5 6.5 6.5 6.5 6.5 

PL30 Tryck inlopp motor, stat. kPa -18.8 -28.0 -29.5 -26.5 -26.9 

EXHP Exhaust Pressure kPa 121.9 102.8 103.2 108.7 109.8 

PM00 Effektivt medeltryck bar 6.35 5.30 3.35 5.67 3.94 

PM02 Eff. medeltryck, DIN-korr. bar 0.00 0.00 0.00 0.00 0.00 

PM03 Eff. medeltryck, ECE-korr. bar 6.41 5.35 3.39 5.73 3.98 

PM04 Eff. medeltryck, DIN-korr temp bar 6.36 5.31 3.36 5.69 3.95 

PM05 Eff. medeltryck, DIN-korr tryck bar 6.54 5.47 3.46 5.85 4.07 

PM06 Eff. medeltryck, EEC-korr. bar 6.40 5.35 3.38 5.72 3.98 

QB00 Bränsleförbrukning g/min 19.3 21.7 21.6 32.3 32.6 

QB20 Bränsleförbrukning Luftflöde g/min 17.9 20.6 21.1 31.3 31.4 

QB21 Specifik bränsleförbrukning g/kWh 0.004 0.004 0.007 0.004 0.006 

QB01 NSFC(Ind Trq,Coriollis) g/kWh 265.0 267.3 421.7 248.5 361.6 

QB02 Spec. bränsleförbr. ECE-korr. g/kWh 262 265 418 246 358 

QB03 Spec. bränsleförbr. EEC-korr. g/kWh 263 265 418 246 359 

QG23 Avgasmängd, okorrigerad kg/min 0.28 0.32 0.33 0.49 0.49 

QG24 Avgasmängd, okorrigerad kg/h 16.8 19.4 19.7 29.3 29.4 

QL02 Luftmängd, okorrigerad kg/h 15.6 18.1 18.4 27.4 27.5 

QL04 Luftmängd, okorrigerad dm3/s 3.7 4.3 4.4 6.5 6.6 

QL05 Luftmängd (20 cel,1013 mbar) m3/h 13.0 15.0 15.3 22.7 22.8 

QT60 CO-mängd f. katalysator g/min 0.0 0.1 0.1 0.1 0.1 

QT70 HC-mängd f. katalysator g/min -0.0 -0.0 -0.0 -0.0 -0.0 

QT80 NOx-mängd f. katalysator g/min -0.0 -0.0 -0.0 -0.0 -0.0 

RG21 EGR % 86.0 86.0 84.6 82.9 87.3 

RG22 EGR kg/h 14.4 16.6 16.7 24.3 25.7 

RL00 Rel. luft-bränsletal, A/F 
 

13.46 13.90 14.23 14.14 14.03 

RL05 Vol. Efficiency tot % 0.540 0.470 0.481 0.476 0.478 

RL07 Rel. luft-bränsletal, lambda 
 

0.932 0.962 0.985 0.979 0.971 

RL20 Coriolis/Våg 2 1.00 -0.24 1.02 1.01 1.45 

RL13 Specifik luftfuktighet % 4.2 4.2 4.2 4.2 4.2 

EM02 Motoreffekt, ECE-korr. kW 4.42 4.91 3.10 7.87 5.47 

EM05 Motoreffekt, EEC-korr. kW 4.41 4.90 3.10 7.85 5.46 

MD14 Bromsat moment, ECE-korr. Nm 28.0 23.4 14.8 25.1 17.4 

MD17 Bromsat moment, EEC-korr. Nm 28.0 23.4 14.8 25.0 17.4 

QE60 CO-mängd f katalysator g/kWh 0.7 0.7 1.3 0.8 0.9 

QE70 HC-mängd f. katalysator g/kWh -0.0 -0.0 -0.0 -0.0 -0.0 

QE80 NOx-mängd f. katalysator g/kWh -0.0 -0.0 -0.1 -0.0 -0.0 

RL17 Uppmätt AFR % 13.4 13.8 14.2 14.1 14.0 

RL15 Avikelse AFR % 7.8 4.4 2.0 2.6 3.4 
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4: Material and components data 
Stainless steel 316 is a typical construction quality and is used to shape and weld. 

Typical material data: 

 Density    8g/mm3 

 Hardness, Brinell  123 

 Tensile Strength, Ultimate 505 MPa 

 Tensile Strength, Yield  215 MPa 

 Elongation at break  70% 

 Modulus of elasticity  193 -200 GPa 

 Poisson’s ratio   0.29 

 Charpy impact   325 J 

 Shear modulus   86 GPa 

Components used to construct the exhaust system: 

 3” bends, 90 degree pipe, 2mm thick 6 pcs 

 3” perforated pipe 3 pcs, ??? 

 3mm sheet metal for box, box size:  ??? 

 12mm exhaust flange, exhaust port shaped 

 Tapered pipes, 36 to 76 mm, 6pcs ??? 

 Lambda sensor mounts, 2 pcs 

 Universal pressure/temperature mounts, 2 pcs 

 Crank angle resolved pressure mount, 1 pcs 

 2,5” v-band connector, 1 pcs 

 3” v-band connector, 1 pcs 

 3” flex pipe, 1 pcs 

 2,5” straight pipe, 250mm 

 200mm blowout flange with 10mm fasteners, 8 pcs and 0.5mm sheet metal 

5: Technical data of the engine 
Type of engine   one cylinder, water cooled, four stroke engine, oil spray under piston 
Displacement   550 cm3 

Bore    86 mm 
Stroke    94.6 mm 
Connecting rod length  156.5 mm 
Compression ratio  9.2:1 to 13:1 depending on configuration 
Number of intake valves 2 
Intake valve diameter  35 mm 
Number of exhaust valves 2 
Exhaust valve diameter  30 mm 
 
  


