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Sammanfattning Denna rapport handlar om bestämning av turbinverkningsgraden för en överladdare på en ottomotor. Examensarbetet gjordes på Förbränningsmotorteknik på Kungl Tekniska Högskolan, Stockholm, från september 1999 till juni 2000 för Saab Automobile, Södertälje. Problemet för Saab var att bestämma turbinverkningsgraden på en gående motor. Tillverkarens uppgifter om verkningsgraden från riggar med statiska förhållande skiljer mycket från de värden Saab beräknat från tester. När en överladdare är monterad på en motor fluktuerar avgasflödet, temperaturen och hastigheten vid turbininloppet. Saab användar tidsmedelvärden från mätningar för att bestämma verkningsgraden. I den här rapporten bestäms turbinverkningsgraden vevvinkelupplöst. Trycket vid turbinutloppet och -inloppet uppmättes vevvinkelupplöst. Turbinhjulsvarvtalet mättes också. Ett simuleringsprogram användes för att få ut de värden som inte kunde mätas, temperaturen, hastigheten och massflödet vid turbininloppet. För att beräkna den vevvinkelupplösta turbinverkningsgraden användes en ny formel: Verkningsgraden består av kompressoreffekten plus accelerationseffekten delat med den isentropiska turbineffekten. Kompressorarbetet betraktades som konstant. Resultatet var turbinverkningsgraden för olika lastfall vid 1700 och 1800 rpm. Motorvarvtalet var så lågt eftersom wastegaten hölls stängd i denna undersökning. Medelverkningsgraden för de olika lastpunkterna beräknades genom att ta energigenomsnittliga verkningsgraden från en cykel. Den energigenomsnittliga verkningsgraden är mindre än de värden Saab beräknade. Orsaken är att Saabs formel använder tidsgenomsnittliga värden och det är fel att betrakta energin i en avgaspuls som linjär. Turbinverkningsgraden på motorn är låg, på grund av att löptalet är mycket lågt när toppen av en avgaspuls passerar turbinrotorn. En radialflödesturbin brukar vara dimensionerad för maximal verkningsgrad när löptalet är ca 0,7. För 1700 och 1800 rpm är det momentana löptalet under en avgaspuls 0,2-0,5. En metod som gör det möjligt att beräkna temperaturen, hastigheten och massflödet vid turbininloppet från den mätta tryckkurven evaluerades. När metoden fungerar bra, betyder det att simuleringstiden kan minskas. Metoden fungerade bara bra för låga lastfall. En förbättrad metod kan ge bättre resultat i framtiden.
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Abstract This thesis deals with the determination of the on-engine turbine efficiency of an automotive turbocharger. The work is carried out at the division of Internal Combustion Engines at the Royal Institute of Technology, Stockholm, from September 1999 till June 2000. The assignment was carried out for SAAB Automobile, Södertälje. The problem that SAAB defined at the beginning of the work, was that turbine efficiencies were obtained from measurements on-engine that differed strongly from the values given in the turbine maps of the turbo manufacturer Mitsubishi. Turbine efficiency is normally determined by feeding a turbocharger, apart from the engine, with a constant flow of hot fluids. Because the inlet temperature, mass flow and pressureratio over the turbine are kept constant in time, the efficiency that is determined with this method is called steady-state efficiency. When the turbocharger is mounted on the engine, the flow through the turbine can now longer be assumed to be steady. SAAB used a method to calculate the turbine efficiency from time-averaged measured value, which resulted in efficiencies some were very different from the steady-state values given by the manufacturer. This is due to the strongly pulsating flow of exhaust gases that are driven out of the cylinders during the blow-down stroke of the four-stroke process. Due to this, the pressure, temperature, velocity and mass flow fluctuate strongly as a function of time. Although weaker, the same behaviour is still present down-stream of the turbine. Because the energy stored in an exhaust pulse can not be considered to be linear, a calculation of the turbine efficiency based on time-averaged values of e.g. temperatures and pressure will give erroneous values. Because SAAB is currently using such a method, the difference between the efficiencies they found and those given by the manufacturer, can be explained. In this thesis, therefore, the instantaneous turbine efficiency has been determined. This means that the efficiency is calculated from ‘fast’ measurements and that all input parameters for the calculation are known as a function of crankangle. Pressure transducers mounted in water-cooled sockets were used to measure the pressure at the turbine inlet and outlet. Turbospeed measurements were carried out by mounting an optical sensor in the compressor house that was able to measure the turbospeed for all twelve compressorblades. Because the mass flow of exhaust, the velocity and the temperature at the turbine inlet were not measured, a simulation program, called ESIM, was used to determine these data. A new formula was derived to calculate the instantaneous on-engine turbine efficiency, in which the efficiency is found by dividing the sum of the compressor and acceleration power by the isentropic turbine power. The compressor power is considered to be constant, because the pulsating behaviour of the fluids in the compressor are much smaller than in the turbine. The acceleration power is a term that is a measure for the work used to accelerate the rotating turbo parts. The result was that the turbine efficiency was obtained as a function of crankangle for different loads at engine speeds of 1700 and 1800 rpm. The measurements were limited to these low engine speeds, because the wastegate was closed mechanically. Cases in which the wastegate is open, would have meant that the wastegate opening had to be calibrated. Unfortunately, no time was available in this thesis to carry this out.
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Determination of the on-engine turbine efficiency of an automotive turbocharger The instantaneous turbine efficiency was energy-averaged to obtain one value that represents the onengine turbine efficiency at a certain engine speed and load. This means that the instantaneous efficiencies were given a weight-factor that consisted of the mass flow of exhaust multiplied with the square of the velocity at the turbine inlet. The energy-averaged showed to be much lower than the values found by SAAB with the time-averaged input values. This can be explained by plotting the instantaneous efficiency as a function of crankangle during the travel of an exhaust pulse through the turbine. From this, it is obtained that the turbine most of the time operates at blade speed ratios that are much lower than the optimum value of circa 0,7. A disadvantage of the method used is that a simulation program has to be used to obtain data that can not be measured. Because SAAB wants to be able to calculate the turbine efficiency quickly from measured data, a method was evaluated that uses the measured pressure at the turbine inlet as a function of crankangle as a basis to calculate the other data from. The velocity is e.g. calculated by assuming that the fluctuations in the velocity curve have a similar shape as the pressure curve. The instantaneous temperature can be obtained from an isentropic relationship. The results obtained with the method were not very good yet, but with the method it might in the future no longer be necessary to use a simulation program to calculate the turbine efficiency.
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Nomenclature Symbol ⋅



Unit kg/s



Description Mass flow of air into the system



⋅



kg/m3 kg/m3 m2 J/kg.K J/kg.K J/kg.K J/kg.K kg/mole N/m2 rad/s2



Specific heat ratio cp/cv Density before compressor Density after compressor Total-to-static compressor efficiency Total-to-static turbine efficiency Theoretical engine efficiency Mechanical efficiency turbocharger Cross-sectional area of pipe after the compressor Specific heat (for constant pressure) before compressor Specific heat (for constant pressure) after compressor Specific heat (for constant pressure) before turbine Specific heat (for constant pressure) after turbine Molecular weight of intake air Stagnation pressure compressor inlet Angular acceleration of turbo wheel



rad/s rpm N/m2 N/m2 N/m2 N/m2 N/m2 N/m2 N/m2 N/m2 N/m2 W W W W N/m2 W J/K.mole K K K K K K K K m/s



Angular speed of turbo wheel Engine speed Stagnation pressure compressor outlet Stagnation pressure turbine inlet Stagnation pressure turbine outlet Pressure compressor inlet Static pressure after the compressor Pressure compressor outlet Isentropic pressure compressor outlet Static pressure turbine inlet Static pressure turbine outlet Compressor input power (including mechanical losses) Compressor power (power added to the fluid) Thermodynamic power requirement for compressor Dynamic turbine power due to fluctuating turbospeed Pressure inlet manifold Isentropic turbine power (based on energy stored in exhaust gases) Gas constant Total temperature before the compressor Total temperature after the compressor Temperature compressor inlet Temperature turbine inlet Temperature after the compressor Total isentropic temperature after the compressor Temperature turbine outlet Temperature inlet manifold Fluid velocity after the compressor



m air κ ρ1 ρ2 ηCTS ηt ηth ηm A2 cp1 cp2 cp3 cp4 Mair P01



ω ω N P02 P03 P04 P1K P2 P2K P2s P3 P4 Pc Pc,fluid Pc,therm Pdyn Pin Ps R0 T01 T02 T1 T1T T2 T2s T2T Tin v2
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1 Introduction This rapport describes a thesis to determine the on-engine efficiency of an automotive turbocharger. 1.1 History of turbocharging Turbochargers have been used for a long period to increase the power output of e.g. marine engines. Turbocharging on-road vehicles started around 1950 and the application for diesel and gasoline engines became serious in the late seventies. This development was mainly driven by fuel consumption legislation in the US, which mainly effected the manufacturing of large displacement engines because an increase in engine size generally increases mechanical losses and decreases fuel efficiency for low loads. As a reaction to this, turbocharging found its entry based upon the potential of a higher powerweight ratio. The application of the turbocharger gave rise to new research topics and set new challenges: higher peak exhaust temperatures necessitated the use of more expensive alloy turbine houses and watercooled bearing houses. Higher peak pressures in the combustion chamber resulted in boost pressure control systems such as the wastegate to control the turbine flow. The inferior transient response that is characterised by a slow response to a higher load demand gave rise to the application of ceramic turbine wheels in order to decrease the moment of inertia of the rotating turbo parts. More problems that were connected to the application of the turbocharger will be given further on in this chapter where a more extensive discussion of the advantages and disadvantages of turbocharging will be presented. 1.2 Turbocharging The most common types of boosting the engine’s performance are mechanical supercharging, pressure wave turbocharging and exhaust turbocharging. In the last case the exhaust manifold of the engine is connected to a turbine instead of directly to the tail pipe. The exhaustgases that are blown out of the cylinders at the end of the expansion stroke are used to drive the turbine rotor. The power that is gained is used to drive a compressor that usually is mounted on the same shaft as the turbine. The benefit of this exhaust turbocharging process is that the pressure, and thus the density, of the fresh inlet air is increased in the compressor before it enters the combustion chamber. As a result of this more fuel can be added to the cylinders to form a stoichiometric charge, which means that more fuel can be burned per cylinder per cycle. So, a turbocharged engine has a higher power output than a naturally aspirated engine with the same dimensions. Because this rapport focuses on exhaust turbocharging for spark-ignited (SI) engines, the term “turbocharging” will be used in the remainder of this rapport for exhaust turbocharging. 1.3 Engine and turbocharger lay-out Figure 1.1 schematically shows the exhaust manifold and the turbocharger of the test engine that is used for the experiments described in this rapport. The engine originally is a production engine from Saab and has four cylinders with a total volume of 2.3 litres. For this thesis a Mitsubishi turbocharger is mounted on the engine. In the upper part of figure 1.1 the exhaust manifold is shown, which main function is to lead the exhaust gases from the four cylinders to the turbine inlet. In this context it is very important to properly match the exhaust manifold to the turbine, because this largely influences the efficiency of the turbine to generate power from the available energy in the exhaust gases. Exhaust manifolds can mainly be divided into two categories. The first category leads to exhaust manifold designs that can be characterised by a large volume and a rather long flow lenght from the exhaust valve to the turbine inlet. These manifolds damp the pulsating behaviour of the exhaust gases and give rise to a rather steady flow at the turbine inlet. The second group of designs has a small manifold volume and short exhaust channels, which leads to a strong pulsating flow at the turbine inlet. The exhaust manifold of the test engine should be placed in the latter category. Nowadays it is assumed that these designs leads to higher turbine efficiencies, but currently much is still unknown about the behaviour of turbines, designed for steady-state flow conditions, under pulsating flow. This is why this thesis deals with the efficiency determination of the turbine under pulsating flow.
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Determination of the on-engine turbine efficiency of an automotive turbocharger After the exhaust manifold the exhaustgases flow into the turbine. The left part of figure 1.1 shows the radial flow of the exhaustgases onto the turbine rotor. After driving the turbine rotor the exhaust flows out in axial direction into the tailpipe and the catalytic converter further downstream. The compressor is mounted on the same shaft as the turbine. After the axial inflow of the fresh inlet air, the charged air leaves the compressor in radial direction. Before the air continues to the engine’s inlet manifold an intercooler is used to decrease the temperature of the air. The air is cooled to increase its density, which enables more fuel to be burned, and to reduce the peak temperatures in the combustion chamber, which contributes to prevent abnormal combustion, called knock, and to reduce NOx-emissions.



Figure 1.1 Schematic figure showing the turbocharger and exhaust manifold of the test engine In between the compressor and the turbine, the bearing house is positioned, together with its water- and oil cooling system. Above the turbine a rod can be seen, which is used to open and close the wastegate. This is a spring-loaded valve used to bypass part of the exhaustgases around the turbine rotor. This is necessary at high engine speed to keep the boostpressure of the inlet air under a maximum level. A too high boost pressure will result in high peak pressures in the combustion chamber, which accelerate wear of engine parts and can cause knock-phenomena. 1.4 Boostpressure control The wastegate is both electronically controlled by the engine control system and self-regulating. In the first case a valve, called APC, is used to supply the pressure needed to open the wastegate against the spring force that keeps it closed. The engine control system controls the boostpressure by determining the fraction of the pressurised air from the compressor scroll (P2K) that can flow to the wastegate via the APC valve. The fraction that is not flowing to the wastegate is circulated back to the compressor inlet (P1K). In extreme cases the wastegate in the turbine can also be pushed open by the exhaustgases themselves. Both methods cause part of the exhaust gases to bypass the turbine, which will result in a drop of boost pressure because less energy is available to drive the turbo wheel. The engine control system, which controls the boostpressure, is called TRIONIC. Next to the boostpressure control it integrates fuel injection and ignition timing control in one system. The electronic control of the boostpressure is based upon signals from a pressure transducer in the inlet manifold, a transducer for the crankshaft speed (= engine speed) and an ion sensor. The ion sensor determines the amount of ion current for every cylinder, which is a measure for knock and misfire. When knock is detected the wastegate can be opened to reduce the boost pressure. The knock control system is described more in detail in the next paragraph, where the challenges of applying a turbocharger are discussed.
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Determination of the on-engine turbine efficiency of an automotive turbocharger 1.5 Challenges of turbocharger application in SI engines A number of problems arose that had to be dealt with before turbocharged engines could really gain from its strong potential for increased power density. Some of the new challenges that were set are pointed out in this paragraph. 1.5.1 Knock-limited design One of the problems that is directly caused by the higher pressure of the inlet air, the so-called boost pressure, is that this leads to higher peak pressures in the combustion chamber than a naturally aspirated engine without turbocharger would have. The risk of the higher peak pressure is that it may lead to a higher temperature of the fresh charge in front of the propagating flame, the end-gas. A too high temperature of the end-gas will result in abnormal combustion, called knock. Because cylinderpressure is high at high loads, knock is most likely to occur in those cases. The knock phenomena have to be prevented, because it causes damage on engine parts, such as the pistons. Some of the precautions that are commonly taken to prevent knock are striving to lower the peak pressure and temperature in the combustion chamber in order to lower the chance that the abnormal combustion reaction can be activated: • • • •



lower the engine’s compression ratio retarded timing at high boost pressure, fuel enrichment use of an intercooler,



Lower the compression ratio Turbocharged engines normally have a lower compression ratio than comparable naturally aspirated engines in an attempt to keep the peak pressures in the combustion chamber under the knock limit. The result of this is that the efficiency of the engine decreases, because it is a function of the compression ratio. This will be explained here. According to the Bosch handbook [2] the overall efficiency for an internal combustion engine ηe can be expressed with formula:



ηe =



We = η fuel ⋅η cycle ⋅η th ⋅η mech W fuel



(1.1)



Because the fuel conversion factor ηfuel, which is a measure of that part of the fuel that does not burn (completely), is often defined as ‘1’ for comparisons [2] the overall efficiency formula can be rewritten:



ηe =



We = η cycle ⋅η th ⋅η mech W fuel



(1.2)



So, the overall efficiency consists of the thermal efficiency ηth of the corresponding ideal Carnot cycle, the cycle efficiency factor ηcycle and the mechanical efficiency ηmech. The thermal efficiency can be written as:



η th = 1 −



Tmin = 1 − ε 1−κ Tmax



(1.3)



This means that the thermal or theoretic efficiency depends upon the maximum Tmax and minimum Tmin temperature in the combustion chamber or on the compression ratio ε and a characteristic of the fluids in the combustion chamber κ. Because the compression ratio of a turbocharged engine is lower than a natural aspirated engine (e.g. 8:1 instead of 10:1), the thermal efficiency of a turbocharged engine will be lower than that of the natural aspirated engine. The overall efficiency is lower than the theoretic one, because of internal losses related to e.g. real working gas, residual gas, wall heat losses, gas losses and pumping losses. The losses are accounted for in the cycle efficiency ηcycle. The other losses are gathered under the term mechanical efficiency ηmech and examples of these are friction losses in the crankshaft assembly and inlet/exhaust systems and
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Determination of the on-engine turbine efficiency of an automotive turbocharger losses due to the oil, water and fuel pumps. The combined cycle and mechanical efficiency of a turbocharged engine might be higher than the efficiency of a naturally aspirated engine, because a turbocharged engine has a higher power density. This means that a smaller turbocharger engine can produce the same power as a larger naturally aspirated engine. Smaller engines usually have smaller losses. Delaying the spark timing Delaying the spark timing is one of the common ways to prevent knock at high loads. The spark timing will automatically be delayed by the engine’s control system if the signals from the knock-sensor indicate too much knock. As a result of this the combustion starts later which leads to a reduction of the peak pressure in the combustion chamber. The temperature of the end-gas is also reduced, which lowers the chance for the pre-ignition reaction to occur. Unfortunately, some negative side effects of spark delay occur. The first one is a result from the lower cylinderpressure, which decreases the thermal efficiency due to the decreased expansion of the combusted gas. Secondly, the combusted gases have a higher temperature at the moment of leaving the cylinder, which results in higher thermal stresses on downstream components, such as the exhaust valves, turbine and catalytic converter. Fuel enrichment A common way to cool the gases in the combustion chamber in order to prevent knock is to add excessive fuel to the inlet air. This fuel enrichment is only applied in extreme cases of very high speed and load. Intercooler Often intercoolers are used in combination with turbochargers to cool down the fresh air after it has been charged in the compressor. The lower peak temperatures that occur in the combustion chamber as a result of this also contribute to prevent knock. So, the turbocharger’s advantage of increased boost pressure causes problems at high loads when the temperature of the end-gas exceeds the knock limit. As a result of this turbocharged engines have a lower compression ratio than naturally aspirated engines. Furthermore a knock control system is necessary, in which a central computer processes data from a knock sensor to alter the spark timing. This control system is crucial in finding the right balance between preventing knock and in the same time trying to keep the sacrifice in pressure ratio as small as possible 1.5.2 Manifolds no longer connected to atmosphere A difference between naturally aspirated and turbocharged engines is that the inlet and exhaust manifold in the latter case no longer directly are connected to the atmosphere. This gives rise to two problems: • Higher back pressure • Matching problems The turbine and the compressor form extra obstacles for the gas exchange processes in the engine. Especially at high speed gas exchange losses increase due to the back pressure of the turbine. The addition of a compressor and a turbine to the reciprocating engine system requires matching procedures to ensure that the pressure levels and mass flow rates of the compressor and turbine match with those of the engine system. As was described earlier, the design of the exhaust manifold is very important for turbocharger performance and therefore the design of the combined engine-exhaust manifold-turbocharger system is very challenging for automotive designers. 1.6 Solutions In the previous paragraph the challenges of turbocharging have been described. Some of the problems described in that context already have been minimised significantly, while others still need to be solved. Solutions that already have shown its value and possible future solutions are presented below. 1.6.1 EGR One of the disadvantages of turbocharging is the need for knock control at high load. As a result of this control the gases in the cylinder have a high temperature at the moment the exhaust valves open. A common method to reduce this temperature is to use excessive fuel. The side effects of this enrichment are described above and explain why alternative ways have been investigated.
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Determination of the on-engine turbine efficiency of an automotive turbocharger Research has shown that cooled exhaust gas recirculation (EGR) can substitute the fuel enrichment at full load for a turbocharged SI engine [31]. The strong point next to the knock-limiting behaviour, is that the fresh air/fuel ratio can be kept at a stoichiometric level (λ = 1) for all operating conditions. This results in lower CO and HC emissions than are obtained with the use of an enriched mixture, because the catalytic converter has maximum functionality for λ = 1. 1.6.2 Variable geometry turbine It was described above that a turbine with a fixed geometry can not support the engine efficiently over the complete engine range. Comparing a large and a small turbine can explain this. A large turbine will provide a high pressure in the inlet manifold at high speed, which results in good fuel economy. At low speeds the air pressure will be low and due to this the output torque will be small. With a small turbine the pressure at the turbine inlet will be high at low speed, thus providing large output torque and better transient response. However the pressure would be too high at high speeds, which makes it necessary to waste part of the energy stored in the exhaustgases by means of the wastegate. Another drawback is the high back pressure at high speed that is generated by the resistance of a small turbine. The pressure in the exhaust manifold may even be higher than in the inlet manifold. Fuel economy will suffer from this. The natural step is to develop a variable geometry turbocharger, which allows the turbine nozzle area to be varied with engine speed. Many researchers [36,39] describe the potential benefits, such as improved fuel economy and response, but also state the complexities and high costs that withstand the widespread use of the variable geometry turbine. 1.6.3 Ceramic blades A way to improve the transient response to higher torque demands is to decrease the moment of inertia of the rotating parts in the turbocharger. Because the turbine rotor accounts for 85% of the moment of inertia most progress can be gained here. When light ceramic materials came available that could withstand the high temperatures of the exhaust gases, the transient response was already improved much. Next to changing the materials researchers also managed to decrease the moment of inertia by decreasing the amount of turbine blades without sacrificing turbine efficiency [39]. 1.7 Pulsating exhaust flow Figure 1.2 shows the way the air follows from the compressor inlet to the turbine outlet. As was described above, the air is cooled down after compression in the intercooler. After this it flows via the throttle to the inlet manifold. After combustion in the engine the exhaust gases flow via the exhaust manifold into the turbine. These engine components together form a complex dynamic system. The four-stroke process that takes place in the engine forms the heart of the system. One cycle consists of a compression-, expansion-, exhaust- and intake stroke. During the first stroke the piston travels from its lowest position, called bottom dead centre (BDC), to its highest position, called top dead centre (TDC). During this stroke the air/fuel mixture that is trapped in the cylinder is compressed. Just before TDC the combustion is initiated by a spark, which results in a strong increase in cylinderpressure. After TDC the piston travels downward again and the gases expand. Shortly before the piston reaches BDC the exhaust valves open and the exhaust stroke starts. When the piston travels upward for the second time the exhaust is pushed out of the cylinder. Close to TDC the inlet valves already open, which means that for a short period both the exhaust- and inlet valves are open (valve overlap). During the last stroke of the engine process the cylinder is filled with a new air/fuel mixture from the inlet manifold. It can be concluded that one engine cycle corresponds to two revolutions of the crankshaft. During this period all four cylinders complete one engine cycle. To make the process as gradual as possible and to improve the balancing of the engine the four cylinders start their cycles in successive order. This means that a new cycle is started in one of the cylinders when the crankshaft has rotated over 180 crank angle degrees. As a result of this the firing order for the cylinders is 1,3,4,2. The consequence of this is that the inflow of the turbine consists of four peaks, which correspond to the exhaustgases that flow out of the cylinders during the periods the exhaust valves are open.
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Figure 1.2 Schematic figure showing the test engine This points out the main complexity of this thesis: A turbine is normally designed to generate power by expanding flows in a rather narrow flow-range. In the case of the automotive turbocharger the turbine has to deal with a much larger flow-range than it is designed for. But besides this, the largest complication is introduced by the pulsating behaviour of the flow. So, instead of the more or less steady-state flow in a normal turbine, the characteristics of the flow into the turbine, such as pressure, temperature and mass flow, change strongly in time. As was described above, most characteristics show four peaks during one engine cycle. The pulsating exhaust flow causes chances in turbospeed, as the turbine wheel is de- and accelerated due to the fact that the amount of energy stored in the exhaustgases changes in time. As a result of this the turbine efficiency can not be calculated with the formulas commonly used in literature describing the thermodynamics of turbomachinery, because these yield for steady-state cases only. The formulas used to calculate the on-engine turbine efficiency are described in chapter 3. Literature research has shown that researchers in the past tried to gain more knowledge about the processes that take place in a turbocharger by executing off-engine experiments. They fed the turbine with either a steady-state flow or a flow with a known pulsation from a pulse-generator. Because technology to carry out on-engine experiments was limited in the past, designers had to use the results of off-engine experiments for designing a turbocharger.
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2 Problem definition In the case of the Saab engine, the turbine efficiency is determined by turbo manufacturers, such as Mitsubishi and Garrett, under steady-state off-engine conditions. Saab determines the on-engine efficiency by means of a method that contains experimental results and several arbitrary assumptions. Because the efficiencies found by Saab and Mitsubishi differ strongly, the assignment will be to study the turbine efficiency under the pulsating flow conditions that occur when the turbo is mounted on the engine. The results will be compared with the efficiencies under steady-state conditions. The aim of the work, which is carried out for Saab Automobile in Södertälje, Sweden, is to determine the on-engine turbine efficiency as accurately as possible. Next to this it is investigated how to meet SAAB’s demand to determine the turbine efficiency of engines in their test cells as accurately and fast as possible. Next to the comparison between the efficiency under pulsating and steady flow conditions, the assignment may give rise to several spin-off effects. First of all the assignment may lead to a better understanding of the way in which the energy that is stored in the pulsating exhaust gases can be extracted from the flow in the turbine. An improved design of the engine’s exhaust manifold might be a result of this. Furthermore the results may contribute to an improvement of Saab’s engine modelling software, which now use the steady-state efficiency data from the turbo manufacturers. When the behaviour of the turbocharger under pulsating flow conditions can be included in the modelling software, the processes in the engine can be modelled more accurately, which also may lead to improved design of engine components. The assignment can thus be described as: Determination of the on-engine turbine efficiency of an automotive turbocharger A limitation of the work is that only those cases will be evaluated in which the wastegate is closed. Unfortunately, no time was available to calibrate the wastegate opening in order to be able to determine the wastegate flow. For this thesis the wastegate was closed mechanically and as a result of this measurements were carried out for engine speeds up till 1800 rpm to prevent damaging of the engine.
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3 Theory and calculations 3.1 Introduction In this chapter the theory and calculations used to determine the on-engine efficiency of the compressor and turbine in the turbocharger will be presented. Different methods found in literature will be discussed as well. Furthermore attention will be paid to the differences between calculations based on steady-state and on-engine cases. 3.2 Compressor efficiency Part of the work consists of determining the compressor power, which is needed as input for the calculation of the turbine efficiency. The compressor efficiency is not of direct importance for this work, because the flow through the compressor is considered to be steady. This implies that the onengine compressor efficiency will not differ much from the steady-state off-engine efficiency. Because steady-state compressor efficiency data are available from the manufacturer and because the modelling program ESIM calculates the compressor efficiency, the compressor efficiency will be determined in this work for validation purposes. Therefore the theory of the compressor efficiency will be described in this rapport next to the theory for the turbine efficiency. Because the transient processes in the engine only weakly influence the fluid flow in the compressor, the conditions in the compressor will be considered steady-state for the time-interval of an engine cycle. (The processes in the compressor are not constant in time when a larger time scale is evaluated.) The intake chamber, intercooler and the use of four cylinders reduce the intake air pulsation. Next to this Iwasaki found a fluctuation in turbospeed during one engine cycle of only 1% [13]. The formula to calculate the total-to-static efficiency is e.g. described by Heywood [11]: κ −1



η CTS =



T2 s − T01 T02 − T01



p2 κ ) −1 p 01 = T02 −1 T01 (



(3.1)



The total-to-static efficiency is favoured above the total-to-total efficiency, because the kinetic energy in the compressor fluid is largely dissipated in the large intake manifold before it enters the engine. The isentropic temperature T2s refers to the ideal state that would be reached in case the power added to the compressor would completely be used to increase the temperature of the fluid in the compressor. Because this temperature can not be determined directly, the formula is rewritten and the pressureratio is used. The total temperature after the compressor T02 consists of the actual temperature after the compressor and a contribution due to kinetic energy. This can be represented with: T02 = T2 +



v2 2c p 2



(3.2)



The total or stagnation temperature before the compressor can be calculated in the same way. For both cases the dynamic part is usually very small compared to the corresponding temperature. This is way the contribution of kinetic energy is often neglected. This means that the total pressure is assumed to be equal to the static pressure. In case the dynamic contribution to the temperature is calculated, a reliable fluid velocity has to be determined. A first approach to calculate e.g. the velocity after the compressor is to calculate it from the mass flow, cross-sectional area and density after the compressor. ⋅



m air v2 = A2 ⋅ ρ 2



(3.3)



A similar approach can be used to calculate the stagnation temperature at the compressor inlet.
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ρ2 =



P2 ⋅ M air R 0 ⋅ T2



(3.4)



With these formulae the total-to-static efficiency can be calculated from the measured pressures, temperatures and the mass flow. It was mentioned above that the power added to the compressor fluid is input for the turbine calculations: ⋅



Pc , fluid = m air (T2 − T01 )



c p1 + c p 2



(3.5)



2



The thermodynamic power requirement for the compressor is: ⋅



Pc ,therm = m air (T02 − T01 )



c p1 + c p 2



(3.6)



2



The total power absorbed in the compressor can be found by including the mechanical efficiency: Pc =



Pc,therm



(3.7)



ηm



Now that the theory and calculations for determining the compressor efficiency have been given, the turbine efficiency will be dealt with in the next paragraph. 3.3 Turbine efficiency 3.3.1 Introduction In case the turbine efficiency would be determined for a turbocharger that is not connected to an engine the following formula for steady-state efficiency could be used [11]:



ηTTS



T − T04 = 03 = T03 − T4 s



1−



T04 T03



p 1− ( 4 ) p 03



(3.8)



κ −1 κ



In this project the turbocharger is, on the other hand, mounted on the engine. Due to its four-stroke process the mass flow, pressure and temperature of the exhaust gas flow into the turbine are transient. Due to this, the turbospeed and –torque also vary in time. This means that part of the work done by the turbine is used to accelerate the rotating turbine parts. As a result of this, formula 3.8 can not be used to calculate the instantaneous turbine efficiency. The new formula is derived below based on an evaluation of methods found in literature. An alternative would be to calculate the time-averaged efficiency by averaging the values for the instantaneous pressures and temperatures over one cycle. But because the energy stored in the pulsating exhaust flow is not linear, this will lead to an erroneous value. This is explained further on in this paragraph. These will be discussed in the next paragraph. The turbine efficiency is usually presented in a so-called turbine map [11]. In these maps turbine efficiency is plotted as a function of (corrected) mass flow of exhaust and (corrected) pressureratio over the turbine. Usually iso- (corrected) turbospeed lines are plotted in the turbine map too. An example of such a turbine map is given in figure 3.1.
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Figure 3.1 Turbine map from [11] In this example the mass flow of exhaust and the turbospeed are corrected to be able to evaluate the efficiency of the turbine for different temperatures and pressures and to compare different turbines. It can be seen that as the exhaust flow rate increases for a certain constant turbospeed, it asymptotically approaches a limit. This limit is called choke [11]. Because the interesting information in figure 3.1 is positioned in a rather narrow band, turbine efficiency is usually presented in another curve. In this curve turbine efficiency is plotted as a function of the so-called blade speed ratio U/Cs. This ratio consists of the wheel tip speed U for a radial flow turbine divided by the velocity equivalent of the isentropic enthalpy drop across the turbine stage Cs [11]. The wheel tip speed is calculated by multiplying the angular turbospeed with the radius of the turbine wheel. Cs is calculated with formula 3.9:



C s = 2(h03



   P − h4 s ) = 2 ⋅ c p ,3 ⋅ T03 1 −  4   P03   



   



κ −1 κ



     



(3.9)



For radial flow turbines the optimal turbine efficiency is usually found for a blade speed ratio of 0,7. Figure 3.2 is an example of a figure in which turbine efficiency is plotted as a function of blade speed ratio. T u r b in e e f f ic ie n c y v e r s u s b la d e s p e e d r a t io U / C 0 ,8 Efficiency (%)
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Figure 3.2 turbine efficiency versus blade speed ratio U/Cs
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Determination of the on-engine turbine efficiency of an automotive turbocharger Figures 3.1 and 3.2 are usually build up by evaluating turbine efficiency by doing measurements on a turbocharger apart from the engine. This means that the turbine efficiency is calculated for a steadystate condition, because the pressures, mass flows and temperatures at the turbine inlet and outlet are constant in time. By doing measurements for different cases turbine efficiency plots can be made for different mass flow rates, pressure ratios and turbospeeds. In this thesis the on-engine turbine efficiency is determined, which means that when an exhaust pulse travels through the turbine a continuous series of ‘steady-state conditions’ is obtained in the turbine. This can be explained with help of figure 3.3, which is based on a measurement done for this thesis. The point for the steady-state case is determined by calculating the average value of the instantaneous pressure ratio and mass flow over the interval corresponding to one exhaust pulse (1/4 of an engine cycle). Pressureratio over turbine versus m assflow of exhaust for instantaneous and steadystate case 1,70
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Figure 3.3 Loop for instantaneous and point for steady-state representing one exhaust pulse So, when one exhaust pulse passes the turbine, a loop is formed in figure 3.3, while one point is obtained in case the time-averaged or ‘steady-state’ case would be evaluated. Four of these loops are formed during one engine cycle. From figure 3.3 it can also be seen that the pressure and mass flow pairs are not related to a unique line. The loop means that hysteresis effects occur. This behaviour is described by other researchers [8,25] and was also seen in this thesis. They [25] write that a possible explanation for the hysteresis, is an error that is introduced in the measurements due to the ‘dead volumes’ in the system. The ‘dead volumes’ induce, they write, that the phenomena measured at the turbine inlet are not exactly the same as those occurring at the turbine rotor. To be able to calculate a value for the turbine efficiency that represents a certain engine speed and load, some kind of average has to be calculated from the instantaneous efficiency as a function of crankangle. As was described before, the energy stored in an exhaust pulse can not be assumed linear. This is explained now. From literature [24] it can be obtained that the energy stored in an exhaust pulse that reaches the turbine rotor at crankangle1 and has totally passed the rotor at crankangle2, consists of the integral of the instantaneous mass flow mex multiplied with the instantaneous stagnation enthalpy at the turbine inlet h0t: Crankangle 2



Energy =



∫m



ex



⋅ h0t ⋅ dΘ



(3.10)
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Determination of the on-engine turbine efficiency of an automotive turbocharger When the stagnation enthalpy is rewritten, the following formula is obtained: Crankangle 2



Energy =



1   m ex  c p ⋅ ∆T + v 2  ⋅ dΘ 2   Crankangle 2



∫



(3.11)



So, the energy in an exhaust pulse depends upon the instantaneous mass flow, the instantaneous temperature of the exhaust relative to a reference temperature and the square of the instantaneous velocity of the exhaustgases. When the contribution of the temperature and the velocity part of the formula to the total amount of energy in an exhaust pulse is evaluated, it can be concluded that the contribution of the velocity part is much larger than that of the temperature. This is why the instantaneous turbine efficiency versus crankangle should be energy-averaged to obtain a value that represents the on-engine turbine efficiency for a certain engine speed and load. The formula to calculate the instantaneous turbine efficiency is derived in the next paragraph. 3.3.2 Literature about instantaneous turbine efficiency Some of the studies that were done in the past deal with the determination of the turbine efficiency under quasi-steady-state conditions. In these cases the turbocharger is not connected to an engine and a pulse generator is used to simulate the exhaust pulses. Literature can be found in which turbine power is calculated from measurements at the compressor side [5]. Other researchers used a dynamometer to measure the power output of the turbine [8]. The advantages of the quasi-steady method are the less complicated and cheaper test facility that can be used and the temperature can be kept constant. Furthermore, instead of the very hot and aggressive exhaust gases a certain gas with a lower temperature can be used as turbine fluid. Because the temperature of the exhaust gases can drop e.g. 600 degrees during the blow down stroke of the engine and heat transfer to the thermometer varies with velocity, instantaneous temperature measurements are hard to execute. This means for on-engine conditions that the time-depending temperature has to be extracted from e.g. a simulation program. This is described in detail in chapter 5. In case the temperature does not vary in time the determination of the efficiency is easier. The second advantage of the quasi-steady method, due to the lower fluid temperatures, is the possibility to measure the mass flow into the turbine with e.g. a hot wire anemometer, a positive displacement meter [5] or calibrated orifice plates [8]. When the turbocharger is mounted on the engine an anemometer can not be used. This means that the mass flow has to be determined in another way, e.g. with a simulation program. After the experiments in which a pulse generator was used, researchers determined the on-engine turbine efficiency. Iwasaki [13] concluded from their on-engine test results that the estimation of the pulsating process in the engine with the quasi-steady method brings some errors. They calculated turbine efficiency with time-averaged mass flow-, temperature- and pressure values. Because the aim of this work is to determine the turbine efficiency for a turbocharger mounted on the engine without averaging mass flow, pressure or temperature over time, the method used is slightly different than those found in literature. The method that is used and the calculations that are part of it are discussed in the next paragraph. 3.3.3 Method used to determine the on-engine turbine efficiency The total-to-static efficiency for the turbine operating under pulsating flow can be described with the following formula:



η TTS =



Pc + Pdyn Ps



=



compressor power + acceleration power isentropic power
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Determination of the on-engine turbine efficiency of an automotive turbocharger In this formula the isentropic power that could be extracted from the exhaust gases is compared with the sum of the power used to drive the compressor and an acceleration power component. The power that is put into the compressor Pc consists of mechanical bearing losses and the power needed to heat up the fluid in the compressor from total temperature T01 till T02. The power that is consumed by the deand acceleration of the turbo wheel with moment of inertia J forms the acceleration power. So, the turbine efficiency is calculated from the work that is done by accelerating the rotating turbo parts, compressing the inlet air in the compressor and overcoming friction. The formula differs from the steady-state formula 3.8, in which the efficiency is calculated from the work extracted from the fluids that are expanded in the turbine. Formula 3.8 is not used, because this would imply that the temperature at the turbine inlet and outlet has to be known as a function of crankangle. As was described before, measurements of instantaneous temperature are very complicated. As an alternative a simulation program might be used, but the ESIM program used in this thesis does not calculate the instantaneous temperature at the turbine outlet. Because of this and because it is possible to possible to determine the work extracted by the turbine by measuring turbospeed and parameters at the compressor inlet and outlet, the latter method was used. The acceleration power can be calculated with formula 3.13. ⋅



Pacc = Tω = J ω ω



(3.13)



The isentropic (total-to-static) power that could be extracted from the exhaust gases is: ⋅



Ps = m gas (T03 − T4 s )



c p3 + c p 4 2



⋅



= m gas
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⋅



In this formula m gas is the mass flow of exhaust gas through the turbine. This means that it has to be corrected in case the wastegate is open (This thesis is limited to cases in which the wastegate is closed.) The formula for the instantaneous turbine efficiency can now be rewritten in its final form: ⋅



ηTTS =



m air (T02 − T01 ) ⋅



m gas



c p3 + c p 4 2



c p1 + c p 2 2η m
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+ Jωω
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In formula 3.15 all parameters have to be specified as a function of crankangle (or time). Because no turbine maps were available from the turbo manufacture for the small flow cases in the turbine that were evaluated in this thesis (due to the mechanically closed wastegate), it is not possible to compare the steady-state off-engine turbine efficiency from the manufacturer with the on-engine efficiency calculated in this thesis. As an alternative, the calculated on-engine efficiency is compared with the efficiency calculated with the formula used by SAAB to calculate the on-engine efficiency from measured data. In this formula (3.16), time-averaged data over one engine cycle form the input values.



η SAAB =



m air ⋅ c p ,air ⋅ (T2 − T1 ) (m air + m fuel ) ⋅ c p ,exhaust



P ⋅ T3 ⋅ (1 − 03 ) P4
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3.3.4 Software used to calculate the instantaneous turbine efficiency In the previous paragraph the formula was derived to calculate the instantaneous turbine efficiency. Because the input parameters for the formula have to be known as a function of crankangle, and thus a large number of data has to be handled, software was written that reads in the necessary data-files and calculates the instantaneous efficiency. The different steps that are executed by the software are described in detail in appendix 1 and 2. Here, a more general description is given, because most of the steps are not of direct interest in the context of this chapter about the theory of the turbine efficiency. A number of different software programs were written, of which one is used to calculate the turbine efficiency from three input files and data specified by the user. The data specified by the user are parameters that represent time-averaged values for one cycle. Most of these parameters are used to calculate the compressor power, such as the temperature and pressure at the compressor inlet and outlet. The input files contain data as a function of crankangle from the ESIM program, turbospeed data and measured data. The ESIM file contains, next to other data, the simulated velocity, (static) temperature and mass flow of exhaust at the turbine inlet that were not measured. From the file with measured data the pressure at the turbine inlet and outlet measured with the water-cooled pressure transducers is taken. The turbospeed file contains data that is calculated with a second program, which calculates the average turbospeed cycle from the measured turbospeed. This second program is described in appendix 2.
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Figure 3.4 Delay between SIM and measurements for pressure turbine inlet Before the instantaneous turbine efficiency can be calculated with the main program some steps have to be taken: ♦ The specific heat and the kappa for the temperatures at the compressor and turbine inlet and -outlet are calculated by means of a call to a procedure that calculates those values. The procedure is described in appendix 1. ♦ It has shown that a delay exists between the measured pressure at the turbine inlet and the results from ESIM. (see figure 3.4) This is due to the fact that the inertia of the exhaust gases is not implemented in the ESIM model, which causes that the pressure peaks at the turbine inlet come ‘too early’ compared to the measured turbine inlet pressure. As a result of this the mass flow of exhaust and the temperature at the turbine inlet are too early too. Therefore a procedure was written that calculates the delay and that shifts the ESIM data to the measured turbine inlet pressure curve. ♦ Based on a method described in literature [25] a second shift is performed. This is due to the time it takes for the mean flow occurring at the turbine inlet to do work at the turbine shaft. Because the turbine efficiency is calculated from dividing the sum of the compressor- and acceleration power (which act at the turbine shaft) by the isentropic turbine power, the turbine power has to be calculated from data acting at the turbine shaft. This is why the second shift is executed. A procedure was written that calculates the delay between the acceleration power and the measured pressure at the turbine inlet (see figure 3.5). The data that are shifted are the temperature, mass flow of exhaust, the pressure, velocity, the specific heat and the kappa at the turbine inlet.
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Figure 3.5 Delay between turbine inlet pressure and acceleration power And between acceleration power and turbospeed A second program was written to calculate the average turbospeed cycle from the larger number of cycles that was measured. As is described in chapter 4, twelve turbospeed values can be calculated per revolution of the compressorwheel. This is due to the fact that the time is measured between the moment one blade passes the turbospeed sensor and the next blade passes the sensor. As a result of this the turbospeed that fluctuates in time can be plotted. A method was developed to determine where one turbospeed cycle ends and the next one begins. Once this is determined the different cycles in the measurement can be put on top of each other and the average cycle is obtained. An example of a calculated average cycle is given in figure 3.6.
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Figure 3.6 Example of average turbospeed cycle and same cycle filtered From the average turbospeed curve, the acceleration is calculated by numerical derivation. This turbo acceleration is needed to calculate the acceleration power. Because a very ‘noisy’ acceleration curve introduces errors in the calculation of the instantaneous turbine efficiency, the turbospeed curve is filtered before the acceleration is derived from it. The same method was used by other researchers [25]. It should be noted that the filtered curve in figure 3.6 is shifted. This is due to the fact that the algorithm written to calculate the average turbo cycle did not work satisfactory. For some reason the average curve was shifted some crankangle to the left compared to the first cycle that was measured. The result was that the first peak in the acceleration power curve could be found before the peak in the turbine inlet pressure curve (see figure 3.5). This is physically not possible and must be due to an error in the algorithm. After some attempts the result was not better and it was decided to shift the curve to the expected location. This location was calculated from the assumption that the delay between the pressure and the acceleration power is caused by the time it takes for the mean flow to reach the rotor [25]. The expected delay in crankangles was calculated from the engine speed N, the average speed vaverage at the turbine inlet from ESIM and the length L from the pressure transducer to the rotor: ∆Θ =



L ⋅ N ⋅ 720 60 ⋅ 2 ⋅ v average



(3.17)



3.3.5 Theory Benson method In this chapter the theory has been described for the calculation of the instantaneous turbine efficiency. Because the temperature, velocity and mass flow of exhaust at the turbine inlet are not measured, these data are taken from simulation program ESIM. SAAB would like to be able to calculate the on-engine turbine efficiency in the test cell. This means that the method described above with the time consuming step of using a simulation program to calculate the data that can not be measured, it not useful. This is why an alternative method was evaluated. The method is taken from another thesis rapport [17] that is based on a SAE paper written by Benson. This is why the method presented here will be called the Benson method. With this method it might be possible to avoid using a simulation program, because the method makes it possible to predict the velocity, temperature and mass flow of exhaust at the turbine inlet from the measured pressure curve. The first part of the method consists of calculating a factor (as a function of crankangle) that is a measure for the pulsating behaviour of the pressure curve: Pr essure factor =



P(Θ ) − Paverage



(3.18)



Pmax − Paverage



In this formula P(Θ) is the instantaneous pressure as a function of crankangle, Pmax is the maximum pressure and Paverage is the average value of the engine cycle
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Determination of the on-engine turbine efficiency of an automotive turbocharger From this the instantaneous temperature T(Θ) at the turbine inlet can be calculated as a function of crankangle with the following isentropic relationship:  P(Θ ) T (Θ ) = Taverage ⋅   Paverage 



   



κ −1 κ



(3.19)



Now the instantaneous density ρ(Θ) from the exhaust gases can be derived:



ρ (Θ ) =



P (Θ ) ⋅ M exhaust R0 ⋅ T (Θ )



(3.20)



In formula 3.20 Mexhaust is the mole mass of the exhaustgases and R0 is the ideal gas constant. In the next step the average velocity at the turbine inlet is calculated from the average exhaust mass flow mexhaust at the turbine inlet (which can easily be obtained from the measured air and fuel flow), the cross-sectional area A of the turbine inlet and the average density (which can be calculated from the instantaneous values from equation 3.20): ⋅



v average



m exhaust = A ⋅ ρ average



(3.21)



Now the instantaneous velocity can be determined by means of a second factor, which implies an assumption that the fluctuations of the velocity curve can be coupled to those of the pressure curve: Velocityfactor =



v max − v average v average



v(Θ ) = v average ⋅ (1 + Velocityfactor ⋅ pressurefactor )



(3.23)



Finally the instantaneous mass flow of exhaust is obtained from: m exhaust (Θ ) = A ⋅ ρ (Θ ) ⋅ v(Θ )



(3.24)



So, the method can be used to determine instantaneous values for the parameters that could not be measured. In chapter 6 the results of the method are given.
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4 Methodology 4.1 Introduction In the previous chapter the theory for the calculation of the turbine efficiency was described. In this chapter the steps are presented that are taken to obtain the measured data that forms the input for the turbine efficiency calculations. First the test cell and the measuring equipment are described. After this the measuring locations on the engine will be dealt will. Because much time was invested to solve problems with the turbospeed measurements, the equipment used for these measurements will be described too. Furthermore the modifications that were done to the engine system to contribute to the turbospeed measurements are dealt with. Because no time was available within this thesis to evaluate cases in which the wastegate was open, the wastegate was closed mechanically. This change to the engine system and the other changes that are a result of this, e.g. changes to the boostpressure control system, are presented. 4.2 Test cell and measuring equipment The engine is placed in a cell to prevent personnel from being exposed to excessive amounts of noise and exhaust gases. Outside the test cell a number of personal computers (PC) is installed for storing measurement data and controlling the engine and the brake. Three of these PC’s are shown in figure 4.1. In order to be able to calculate the turbine efficiency as a function of crankangle fast measurements have to be done. The data from these measurements are stored in PC 1. Next to the fast measurements, time-averaged measurements are carried out. PC 2 is used to store the results of these measurements. The turbospeed measurements are saved in PC 3. Next to these three PC’s, one other computer is located outside the test cell. This is a computer that gives personnel operating the test cell access to SAAB’s TRIONIC unit. This makes it possible to change parameters in the engine control system. Because these options were not used in this thesis, this additional PC is not shown in figure 4.1.



Figure 4.1 The test cell with the engine, the brake and several PC’s for controlling and storing data. Next to storing data, two PC’s have a second function. PC 2 is the computer on which the operating personnel can set the engine speed and load for the engine. After a new speed and/or load has been specified PC 2 will try to control the brake to reach a new stable operating point for the engine. Next to this, PC 2 will shut off the engine in case certain alarms are triggered. This might happen when the temperatures of the cooling water or oil exceed their maximum values.
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Determination of the on-engine turbine efficiency of an automotive turbocharger PC 3 three also has a second function next to storing data from measurements. Because the fast measurements in PC 1 and the fast measurements of PC 3 have to be started at exactly the same moment, PC 1 sends a trigger signal to PC 3 to unlock the turbospeed measurements. This trigger will be sent from PC 1 to PC 3 when two conditions are met. First of all, the operating personnel have to indicate that the measurements have to be started. After this PC 1 waits for the engine speed trigger that is sent to PC 1 once per revolution at a known crankangle position of the crankshaft. The first engine speed trigger, after the operator has indicated that he wants to start a measurement, the actual measurement is started. At the same time the signal is sent to PC 3 that will start the turbospeed measurements. So, the fast measurements of the turbospeed and the other fast measurements of e.g. the pressure at the turbine inlet start at the same moment and at a known crankangle. It was proofed that the triggering of the turbospeed measurements worked by doing a number of measurements at a certain engine speed and load. After this the turbospeed measurements as a function of time were compared. The shape of the curves and the start moment for the different measurements were similar to such an extend that it could be concluded that the trigger for the turbospeed measurements works properly. Now that the test cell and the equipment have been described, the measuring locations on the engine will be dealt with. 4.3 Measuring locations on the engine Next to the measurement data that are directly used in the turbine efficiency calculations, measurements are carried out to provide input for the simulation program ESIM. This program is used to obtain the temperature and mass flow of exhaustgases at the turbine inlet as a function of crankangle. As a result of this data are measured, such as the cylinder pressure, inlet manifold pressure Pin and temperature Tin, engine speed and temperature after the charge air cooler T.



Figure 4.2 The measuring locations on the engine The data that are directly used as input for the turbine efficiency calculations is obtained from measurements at locations close to the turbine- and compressor inlet and –outlet. For the measurements before and after the compressor the exact location is not so important, because the airflow from the air filter upstream of the compressor to the charge air cooler downstream of the compressor is considered to be rather steady. The temperature before the compressor P1K is assumed to be the atmospheric pressure. This atmospheric pressure is used as one of the input values for the calculation of the mass flow of air into the compressor, which is determined by means of a mass flow sensor that is placed in a
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Determination of the on-engine turbine efficiency of an automotive turbocharger long tube upstream of the compressor. The tube is long enough to provide a symmetrical flow profile at the mass flow sensor. In between the compressor outlet and the inlet of the charge air cooler the temperature T2K and pressure P2K of the charged air are measured. The turbospeed is measured with an optical sensor that is mounted in the compressor house. The equipment used to measure the turbospeed will be described in detail in the next paragraph. The pressure P1T and temperature T1T measurements before the turbine inlet are located in the part of the exhaust manifold were the four channels of the exhaust manifold merge. Because it was suspected that the long hoses between the measuring location and the pressure transducers hanging in a rack above the engine, lead to a delay, pressure measurements before and after the turbine were carried out with pressure transducers mounted directly on the exhaust manifold and the exhaust pipe. These piezoresistive transducers from Kistler are placed in water-cooled sockets to prevent the transducers from overheating. As is shown in appendix 5, measurements with both the ‘ordinary’ and the water-cooled transducers showed that the measuring with a long hose leads to a delay and that the shape of the pressure curve is very different from the curve from the water-cooled transducers. This is why the pressure measured with the water-cooled transducers is used in the turbine efficiency calculations. 4.4 Equipment for the turbospeed measurements Because many problems were encountered with the measurement of the turbospeed and much time was invested in solving these problems, the turbospeed measurements are described in detail in this rapport. A very detailed description of the different methods that were tried to measure the turbospeed can be found in appendix 3. The manufacturing process of the fibre probe is described in appendix 4. In this paragraph a general description is given of the equipment that eventually was used for the turbospeed measurements. The equipment is shown in figure 4.3.



Figure 4.3 Equipment used for turbospeed measurements A metal probe of 3mm diameter is mounted in the compressor house of the turbocharger. In this probe two glass fibres are glued. One of the fibres sends light into the compressor house. The other fibre picks up the light that is reflected when a compressor blade passes the fibre probe. In the electronics box the reflected light is transformed into an electric signal. This signal is amplified and compared to a certain level, the threshold. If the voltage of the amplified signal is higher than the voltage of the threshold the blade will be counted. Every time the threshold is passed the value of a 20 MHz clock in the ACPC-card in PC 3 is stored in PC 3. After the measurements the raw data from the 20 MHz clock can be used to calculate the turbospeed, because the difference between two successive clock values is a measure for the time between the moment that one blade passed the sensor and the moment the next blade passes the sensor. To make the measuring system more flexible the threshold was made variable. The largest problem with this optical method of measuring the turbospeed is soiling of the compressorblades, because the blades reflect less light if the blades become dirty. This is why some modifications were done to the engine system to prevent soiling. These are described in the next paragraph.
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Determination of the on-engine turbine efficiency of an automotive turbocharger 4.5 Modifications to the engine system to prevent soiling When the compressorblades are soiled to such an extent that the sensor misses blades, cleaning and/or polishing of the compressorblades becomes necessary. Frequent cleaning can be avoided when only air passes the compressorblades. To create this situation some two changes had to be done to the engine system. The first change was to disconnect the recirculation of crankcase ventilation to the compressor inlet. Due to environmental legislation the crankcase ventilation can not be vented to the environment directly. Therefore it is recirculated to the compressor inlet. Because the crankcase ventilation is likely to consist of dirt, such as soot, soiling of the compressorblades will occur on a much lower level when this recirculation is removed. A second modification was to remove also the recirculation from the by-pass valve. This valve is used when the throttle is closed much at once. This means that the compressor is producing boost pressure that is not needed. In this case the by-pass valve will open and the compressor can ‘pump air around’ in a loop. Because the first turbocharger that was used, was leaking oil and the hoses downstream of the compressor might be dirty as a result of this, the by-pass ventilation was removed to be sure that no oil and other dirt in the hoses is recirculated to the compressor inlet.



Figure 4.4 Recirculation of crankcase ventilation and flow from by-pass valve The result of the modifications was that 32.000 blades (the maximum amount that can be stored with PC 3) could be measured without missing a blade (software is available that can check this) and that the measurements worked just as well after many hours of running the engine without cleaning the compressorblades. 4.6 Measurement set-up for a closed wastegate Because no time was available in this thesis to evaluate cases in which the wastegate is open, the wastegate was closed mechanically. This means that the exhaust gases can no longer be passed by the turbine to reduce the boostpressure. To prevent damage to the engine the engine speed at which measurements could be done was restricted to 1800 rpm. For higher engine speeds the engine could be damaged due to the very high temperatures and pressure that will be present in the cylinders in case the engine is run with a mechanically closed wastegate. The implication of the closed wastegate is furthermore that the boostpressure control system is not working anymore. Normally the wastegate is kept closed with a spring and in case the boostpressure exceeds a certain value the charged air from the compressor scroll is used to open the wastegate against the spring force. The extent of opening the wastegate is determined by the APC-valve, which can regulate the amount of charged air from the compressor scroll. The hoses from the compressor scroll and –inlet to the APC valve were disconnected.
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4.7 Measuring procedure Now that the test cell and the measurement set-up have been described, the actual measurement procedure is described. As was described before both time-averaged and fast measurements have been carried out. The timeaveraged measurements were generally started at the beginning of a test session, during the complete session certain parameters were logged and at the end of the session the log was closed. During the test session fast measurements were done for several different engine speeds and loads. By writing down the logged time (in seconds) of the time-averaged measurement at the moment a fast measurement is carried out, the measured data of the fast and time-averaged measurements could afterwards be linked to each other. The parameters that were logged as time-averaged values are shown in table 4.1. Usually data were stored every second. Table 4.1 Measured data from time-averaged log Description Temperature turbine inlet (static) Temperature turbine outlet (static) Temperature after the charge air cooler (static) Temperature inlet manifold (static) Temperature compressor inlet (static) Temperature compressor outlet (static) Temperature cooling water (static) Temperature oil Engine speed Load Engine power Mass flow of air Pressure turbine inlet (static, absolute) Pressure turbine outlet (static, absolute) Pressure compressor inlet (static, absolute) Pressure compressor outlet (static, absolute) Pressure inlet manifold (static, absolute) Humidity



Symbol



Unit



T1T T2T Tin T1K T2K N M



°C °C °C °C °C °C °C °C rpm Nm kW Kg/s bar bar bar bar bar %



mair P1T P2T P1K P2K Pin -



It should be noted that the measured mass flow of air was not used, because its value seemed to be erroneous. The mass flow of air was instead estimated from the amount of fuel burned. This amount of fuel burned is taken from the MKPAD program. These steps are described in the next chapter. It should also be noted that the pressure at the compressor inlet is assumed to be equal to the atmospheric pressure. The parameters that were measured fast are given in table 4.2. Table 4.2 Fast measured data Description



Symbol



Unit



Pressure turbine inlet (static, absolute, water-cooled transducer) Pressure turbine outlet (static, absolute, water-cooled transducer) Pressure turbine inlet (static, absolute, transducer and long hose) Pressure turbine outlet (static, absolute, transducer and long hose) Pressure in cylinder 1 (static, absolute) Pressure inlet manifold (static, absolute) Turbospeed



P1T water P2T water P1T P2T Pcyl Pin -



bar bar bar bar bar bar rpm
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5 ESIM modelling 5.1 Introduction To determine the turbine efficiency under on-engine conditions measurements are carried out to obtain input values for the calculations. Two of these input values are the mass flow of exhaust gases and the stagnation temperature at the turbine inlet as functions of time or crankangle. Because the temperature is only measured as a time-averaged value and the mass flow is not measured at all, an enginemodelling program is used to determine the data that are not measured. The theory behind the engine modelling software and its input from measurements is described. Next to this the criteria are described that have to be met before the results can be accepted. 5.2 ESIM theory and calculations The Engine SIMulation program was originally developed for aeronautical applications in 1973 when SAAB and Scania still were one company. When the modelling of diesel engines was incorporated in the program too, professor Ångström, professor of the division of Internal Combustion Engines at which this thesis was carried out, worked for Scania, where he was one of the persons that developed the program. Up till now the program has grown to a simulation tool in which all kinds of features can be implemented, such as water injection, EGR, compounding, wastegate flow, multiple exhaust systems, etc. For this thesis the ESIM code was adapted by adding new output values, such as the total exhaust flow from all four cylinders at the turbine inlet and the velocity of the exhaust gases. The output values of ESIM can be saved as a function of crankangle. It has to be noted that the program was written for simulation of Diesel engines in which the fuel is injected into the cylinders. Because the fuel and air are already mixed before they enter the cylinders in the case of the SI engine, the processes in the cylinders are not modelled correctly. Because the program considers the fuel to be injected into the cylinders after inlet valve closure, an action is introduced into the model that does not happen in the real case of the SI engine. Because the exact behaviour of the processes in the cylinders is of no direct concern for this thesis, it is assumed that this will not effect the behaviour of the processes in the exhaust manifold and the turbocharger significantly. 5.3 Different engine performance models 5.3.1 Computational Fluid Dynamics model Modelling of the engine processes can be carried out in different ways. First of all Computational Fluid Dynamics (CFD) can be used. Because CFD programs calculate the process parameters in a mesh that corresponds to the real dimensions of the engine, CFD will probably give results that match well with measurements and that represent the actual processes in the engine well. The disadvantage of this is that no CFD-models of complete engines are available at KTH and that building one would be too time consuming. An option would also be to use output from SAAB’s CFD programs. The problem is, however, that SAAB during the thesis only had models available of their newest engines. And even if a mesh for the test engine would have been available probably only a small number of engine cases could have been modelled, because the modelling of a large amount of cases with different loads and engine speeds would take too much time. In this context ESIM’s strong point is that once the input values for a certain case are specified, results are available after a couple of minutes. Factors that influences the calculation time is the convergence speed of the calculations and the desired crankangle step for the output data.
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5.3.2 Filling and emptying model The calculation time for the ESIM model is short, compared to e.g. CFD-calculations, because of the rather simple theory on which the model is based. This theory is called Filling & Emptying (F&E) and it is widely used for engine performance simulations. Instead of the complex CFD-meshes, the engine system is build up from different volumes. For every volume the engine parameters are determined as an average value. This means that the differential equations for conservation of mass and energy are 0dimensional. Its popularity is based upon its relative simplicity and ease of application [7]. The disadvantage of the F&E theory is that the momentum equation is not solved, which implies that effects of gas velocity are not accounted for. As a consequence of this pressure wave effects in e.g. the exhaust manifold are not accounted for. A second consequence is that the pressure distribution in the exhaust manifold might be modelled incorrectly. This is due to the throttle that is implemented at every border between two volumes in the engine model. As a result of this a pressure loss occurs each time the gas flows from one volume to the other. In a complicated exhaust manifold this may lead to an unacceptable model of the pressure distribution in the manifold [7]. 5.3.3 Extending the F&E model with gas dynamic effects Ideally, a simulation model should incorporate the detailed modelling of the complete engine system and should include gas dynamic effects. This is known as the Method of Characteristics [7] and it is usually only used to solve known gas-dynamic problems. So, the logical step is to find a compromise between the Method of Characteristics, which incorporates many details and includes gas dynamic effects, but requires considerable time from building a model to receiving results, and the F&E method, which is relatively simple, but does not account for gas dynamic effects. This is why several models are described in literature that are based on the F&E theory to which momentum effects are added for special volumes, such as the exhaust [7,12]. In the version of the ESIM program that is used for this work, the velocity of the exhaust flow is incorporated in the exhaust manifold volume. This means that this velocity and the stagnation pressure at the turbine inlet can be obtained as output data. The velocity in the exhaust manifold volume is calculated with a formula that contains terms for the mass flow of exhaust components, the density of the exhaust and the cross-sectional area of the volume representing the exhaust manifold. The density is obtained from the total mass of exhaustgases in the volume representing the exhaust manifold at a certain moment. So, the exhaust manifold is modelled by a volume that is calculated from a characteristic length and cross-sectional area that are set by the user. Because the shape of the real exhaust manifold with its four bent channels that merge into one turbine inlet is complicated, it will be interesting to see if the results, e.g. the pressure at the turbine inlet, corresponds with the measured data. The ESIM model assumes the volume behind the turbine to be infinitely large, which means that the velocity is zero and that the stagnation pressure equals the static pressure. 5.4 Preparation steps The input values for the ESIM program will be described in the next paragraph. One of these values is the amount of fuel injected per cylinder per engine cycle. It is assumed that this is the amount of fuel in the air/fuel mixture that is trapped in the cylinders of a SI engine, where the fuel is not injected into the cylinders. Because the amount of fuel is not directly measured some steps have to be carried out to obtain it. These will be described in this paragraph. The amount of fuel burned during experiments can be determined in a number of ways. A fuel balance can be used and the amount of fuel burned could be measured from the air flow into the cylinders and the lambda-factor. Because no fuel balance was available for the test engine the amount of fuel burned was determined indirectly from the measured cylinder pressure as a function of crankangle. For this purpose software was used that has been written by Prof. Ångström and that is used to analyse cylinder pressure measurements to obtain all kinds of data about the engine performance. One of the functions of the program, called MKPAD4, is to calculate the so-called heatrelease in one of the cylinders versus crankangle. This heat release curve that is based upon the cylinderpressure curve represents the amount of energy that is added to or distracted from the cylinder at a certain crankangle. From this e.g. the cylinder temperature and the cumulative amount of fuel versus crankangle can be calculated. This cumulative amount of fuel is the amount of fuel burned per cylinder per cycle that is



- 24 -



Determination of the on-engine turbine efficiency of an automotive turbocharger needed as input for the ESIM model. More details about obtaining this amount of fuel can be found in paragraph 5.6, which describes the choice of the so-called alignment interval for fitting the cylinder pressure to the inlet manifold pressure, the choice of the start value for the cylinder temperature and the Residual Gas Fraction (RGF). 5.5 ESIM input values and assumptions 5.5.1 ESIM input values In the version of the ESIM program that was used over 150 input values have to be specified. Some of these are files, e.g. for specifying the lift of the inlet- and exhaust valves as a function of crankangle. The input values can be divided into three categories: 1. 2. 3.



Input values from measurements More or less fixed input values Input values not used for this thesis.



The number of input values from measurements is 30-40. These have to be changed for every new engine case that is analysed, which means that most of the input values (circa 100) do not have to be changed. The values that are more or less fixed specify e.g. the geometry of engine parts, constants needed to model the inlet- and exhaust valve lifts, settings for the calculation routines, heat transfer coefficients and charge air cooler parameters. Because the program is all-round, part of the input values are used to implement extra functions, such as Exhaust Gas Recirculation (EGR), water injection and wastegate flow. Because only cases in which the wastegate is closed are considered in this work and the other extra functions are not needed in this work either, these extra input values were set at such values that these functions were disabled. The input values that are directly or indirectly obtained from measurements are presented in the table below: Table 5.1 ESIM input values based on measurements Pressures Atmospheric pressure and humidity Pressure at turbine inlet and -outlet Pressure at compressor inlet and -outlet Pressure inlet manifold Cylinder pressure (start value)



Temperatures Temperature of cooling water and oil Temperature at turbine inlet and outlet Temperature at compressor inlet and outlet Cylinder temperature (start value)



Other input values Engine speed Trapped amount of fuel per cylinder per cycle Residual gas fraction Turbine efficiency Compressor efficiency Turbospeed (average value)



Combustion data Delay of spark timing in crankangle degrees Duration till heat release peak in crankangle degrees Duration of combustion in crankangle degrees



Some of the input values in the table require further information because assumptions have been made. These will be described first.
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5.5.2 Assumptions for ESIM input values The assumptions made to obtain the ESIM input values are: • • • • •



•



•



The pressures, accept the atmospheric pressure, fluctuate as a function of crankangle. The average values obtained from the fast transient measurements or from the time-averaged measurements were used to specify the mean pressures in ESIM. Average value are also calculated and used as input values for the engine- and turbospeed. The start value for the cylinderpressure was taken from the cylinderpressure measurement. The cylinderpressure interval has to be chosen for the same crankangle as the start crankangle of the ESIM. A similar method was used for the start value for the cylinder temperature. More about the cylinder temperature will be described in the next paragraph. Part of the ESIM model consists of the heat transfer process between the gases in the cylinder and the cylinder walls. In literature different models can be found and the cylinder heat transfer model in ESIM is based upon the theory presented by Woschni in 1967. As a result of this three different Woschni coefficients can be specified. Because the original values in the model are used to model the processes in diesel engines some attempts were made to analyse the result of changing these coefficients. At a certain stage in this thesis the cumulative fuel curve (see paragraph 5.4) did not look like it was expected to be for the processes in a cylinder of a SI engine. An attempt was made to alter the Woschni coefficients to change the fuel-curve. Because the coefficients had to be changed to unreliable values to get a better curve and a proper aligning of the cylinder pressure to the pressure in the inlet manifold showed to improve the fuel curve strongly, the values for the Woschni coefficients used are the original ones: Woschni heat transfer coefficient main = 0,01299, Woschni heat transfer coefficient swirl = 0,308 and Woschni heat transfer coefficient combustion turbulence = 0,00324. The combustion data that are specified are the delay of the spark timing, the duration till the heat release peak and the duration of the combustion process in crankangle degrees. These values are distracted from the heat release curve. Because the exact values are rather hard to determine from the graph and they influence the result of the ESIM modelling, such as the cylinder temperature and –pressure and the power delivered by the engine, the values were usually changed slightly to obtain better results. More about this can be found in the next paragraph. The residual gas fraction (RGF) was guessed as a first attempt. Usually a value between 5 and 12% was chosen. In an iterative process the value usually was made equal to the output value for the residual gas fraction after a couple of calculation runs.



5.6 The modelling process 5.6.1 Introduction The input values for the ESIM model and the corresponding assumptions have been described. Now the modelling process will be described. In this process a number of runs is executed and input values are changed (slightly) based on the result of the runs in order to achieve results that correspond best to certain criteria determined directly or indirectly from measurements. These criteria will be described first. 5.6.2 Criteria to accept ESIM result The input values are changed slightly in an iterative process in order to meet certain criteria as good as possible. The most important criteria are that the ESIM results have to correspond as good as possible to the measured data for these data that form the input for the turbine efficiency calculations. This means that the focus will be on the turbocharger and that the ESIM results for the turbospeed and the pressure at the turbine inlet as function of crankangle are very important criteria. Furthermore the steady values for the temperatures and pressures before and after the compressor and the air mass flow should be consistent with measured values, because these are used to determine the compressor power as part of the turbine efficiency calculations. It would be useful to compare the ESIM result for the pressure at the turbine outlet versus crankangle with measured data also. This is not possible with the current model. The criteria are presented in table 5.2, where the most important criteria are placed first.
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Determination of the on-engine turbine efficiency of an automotive turbocharger Table 5.2 Criteria to evaluate result of ESIM model Criteria Description Pressure at turbine inlet (static) Turbospeed Air mass flow, temp. and press. before and after compressor Cylinder pressure Cylinder temperature Engine power Air/fuel ratio λ Pressure in inlet manifold



Does the pressure-versus-crankangle-graph correspond to the measured graph? Does the turbospeed -versus-crankangle-graph correspond to the measured graph? Do these steady values correspond to the measured values? Does the cylinder (peak) pressure correspond to the measured cylinder (peak) pressure? Does the cylinder (peak) temperature correspond to the measured cylinder (peak) temperature? Does the engine power correspond to the measured engine power? Is the air/fuel ratio 1? (air/fuel ratio is assumed to be very close to 1) Does the pressure-versus-crankangle-graph correspond to the measured graph?



After the criteria have been given the actual modelling process will be described. 5.6.3 Modelling process The modelling process consists of steps taken before executing the first run and changes made in input values between runs. The steps that have to be taken first are the determination of a proper alignment interval and a start value for the cylinder temperature. Alignment interval As was described above, the amount of fuel burned per cylinder per cycle is determined from the heat release analysis. The heat release curve is calculated from the measured cylinder pressure versus crankangle. Because the level of the cylinderpressure is not fixed an alignment procedure has to be used in which the cylinderpressure is aligned to the measured inlet manifold pressure for a certain crankangle interval chosen by the user of the MKPAD4 program (see paragraph 5.4). It makes most sense to choose the alignment interval in the interval in which the inlet valve is opened, because this means that the cylinder and inlet manifold are in contact with each other. The inlet valve is open from circa 340 to 600 crankangle degrees (with 0° defined as maximum compression at Top Dead Centre (TDC) during the compression stroke). The air/fuel mixture will flow into the cylinder if the pressure in the inlet manifold is higher than in the cylinder and gases from the cylinder will flow back into the inlet manifold if the cylinderpressure is higher than the pressure in the inlet manifold. This means that the alignment of the cylinderpressure influences the ESIM model, because e.g. the gas exchange process and even the heat transfer process in the cylinder depend upon the cylinder pressure versus crankangle. Different alignment intervals have been tried and this showed to influence the (peak) pressure and (peak) temperature in the cylinder, the cumulative fuel-curve and the amount of fuel burned per cylinder per cycle. The alignment interval that usually was chosen was 580 to 620 crankangle degrees, because this interval gave the best fuel-curve and values for the start- and peak temperatures in the cylinder that were considered to be most reliable. Start value cylinder temperature So, it can be concluded that the choice of the alignment interval for the heat release analysis is important. Next to the cylinderpressure, a start value for the cylinderpressure and the residual gas fraction has to be set. These, and especially the start value for the cylinder temperature, influence the temperatures in the cylinder and the amount of fuel burned per cylinder per cycle calculated by MKPAD. Generally, a certain value was guessed for the residual gas fraction as was described above. After this different combinations of alignment intervals and start values for the cylinder temperature were tried in MKPAD. When the start- and peak temperature in the cylinder and the fuel-curve looked reasonable, the corresponding amount of fuel burned per cylinder per cycle and start values for the cylinderpressure and –temperature from MKPAD were used as input values for the first ESIM run. Now that the input values have been determined the first calculation run can be executed. The results of this usually give rise to changes in some input parameters, because the results do not meet with the criteria. Parameters that usually are changed, such as combustion data, inlet manifold pressure and exhaust manifold volume, are described below.
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Determination of the on-engine turbine efficiency of an automotive turbocharger Combustion data As was described in paragraph 5.5.2, the combustion data are derived from the heat release curve. These data, the delay of the spark timing, the duration till the heat release peak and the duration of the combustion process in crankangle degrees, influence the cylinder temperature and –pressure and the power delivered by the engine. Because the exact values for the combustion data are hard to determine from the graph the values are usually changed slightly to improve the result of the modelling. An example of a heat release curve is shown in figure 5.1. In this example the delay of the spark timing, the duration till the heat release peak and the duration of the combustion process are circa –8, 23 and 40 crankangle degrees respectively. Heatrelease curve to determine combustiondata
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Figure 5.1 Heat release curve Inlet manifold pressure In a SI engine the air/fuel ratio has to be in a very narrow band around 1, because the catalyst works best under these circumstances. Because the air/fuel ratio only differs from one under extreme cases of very high speed and load and these cases are not considered in this thesis, the air/fuel ratio is assumed to be one. Because the ESIM modelling usually gives an output value for the air/fuel ratio that is not extremely close to 1, the inlet manifold pressure was in those cases manipulated slightly to alter the air/fuel ratio. The small changes in the inlet manifold pressure are not expected to have significant effects on the turbocharger performance. Exhaust manifold volume As was described before, the complex-shaped exhaust manifold is modelled in the ESIM program by a volume with a certain cross-sectional area and length. Because the complex shape of the exhaust manifold influences the shape and amplitude of the pressure peaks at the turbine inlet, it is not straightforward that the simple ‘geometry’ specified in ESIM will result in a pressure curve that is similar to the measured one. Because the geometry of the exhaust manifold is not actually part of the 0dimensional modelling program and the volume only is a variable in the calculations, the exhaust manifold volume might be changed to other values than the volume of the real exhaust manifold to obtain better results. In this context the volume of the exhaust manifold is sometimes changed to alter the amplitude of the pressure peaks at the turbine inlet, so these will correspond better to the measured pressure curve. Turbospeed After an ESIM run had been successfully completed, the turbospeed curve from ESIM and the calculated average curve from measurements were compared. If the fluctuations of the ESIM curve were too large compared to the measured curve, the value for the moment of inertia specified in ESIM was increased and vice versa. Of course it is arbitrary to change the moment of inertia, but because the fluctuations of the instantaneous acceleration power, which is calculated from the turbospeed curve, are very important in the turbine efficiency formula, it was decided that the turbospeed curve obtained from ESIM should resemble the measured curve as good as possible.
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Determination of the on-engine turbine efficiency of an automotive turbocharger 5.7 Output values from ESIM When the results of the ESIM model meet the criteria to a satisfactory extend, the output can be stored and the calculation of the turbine efficiency can be started. Part of the output values are available as constant values, while others are available as functions of crankangle for one engine cycle, which corresponds to two revolutions of the crankshaft or an interval of 720 crankangle degrees. The output values versus crankangle from the version of ESIM that was used for this thesis are described in table 5.3. The most important constant output values are shown in table 5.4. Table 5.3 Some of the output values from the ESIM modelling program versus crankangle Output values from ESIM versus crankangle Pressure (static) and temperature at the turbine inlet Mass flow of exhaust for all four cylinders at the turbine inlet Total-to-static pressure ratio over the turbine Velocity of the exhaustgases at the turbine inlet Turbospeed Blade speed ratio U/C Cylinderpressure and -temperature Mass flow through the inlet valve (of one cylinder) Pressure and temperature in the inlet manifold Table 5.4 Some of the output values from the ESIM modelling program representing one cycle Output values from ESIM representing one cycle Pressure before and after the compressor Temperature before and after the compressor Efficiency of the compressor and turbine (regarded constant during the cycle) Peak value for the cylinder pressure and temperature Lambda Engine power and efficiency Residual gas fraction 5.8 Evaluation of the ESIM model for application in this thesis It will be shown in the next chapter that the ESIM program is a rather good tool to determine the data that could not be measured, the velocity, mass flow and temperature at the turbine inlet. This is concluded from the pressure and turbospeed curves from ESIM that resample the curves based on measurements well. Some of these curves are shown in chapter 6. It is also written in chapter 6 that the ESIM program did not manage to model all cases well. At low loads and engine speed the flows in the model become so low that instabilities in the calculation steps occur. This problem was especially encountered at engine speeds lower than 1700 rpm. So, for the cases that could be modelled, it was possible to obtain a satisfactory model for the pulsating flow at the turbine inlet. It has to be noted that some arbitrary changes had to be done to reach a result that matches with the measurements: in all cases the inlet manifold pressure had to be decreased to obtain a more reasonable value for the lambda-factor, in most cases the volume of the exhaust manifold had to be changed to match the amplitude of the turbine inlet pressure to the measured curve and sometimes the moment of inertia of the rotating turbo parts had to be changed to improve the amplitude of the turbospeed curve. Unfortunately, the flow at the turbine outlet is considered to be constant in the ESIM program. It would be interesting to use a new version of the program, in which pulsating flow at the turbine outlet is incorporated, to see if the pressure at the turbine outlet resembles the measured pressure. A disadvantage of using the ESIM program are the rather time consuming preparation steps to gather all input values.
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6 Results 6.1 Introduction In this chapter the results of the ESIM modelling and the results for the turbine efficiency are presented. The output data of the ESIM models is compared with the measured data for the criteria that were described in chapter 5. The turbine efficiency as a function of crankangle obtained from software written for this purpose is evaluated. From this the so-called energy-averaged efficiency is determined for every test case. Measured cases. For part of the cases turbine efficiency has been calculated 250
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Figure 6.1 The measured cases and the cases for which the turbine efficiency has been calculated In figure 6.1 the measured cases are shown. For part of these cases the turbine efficiency has been determined. The reason why not all measured cases have been evaluated is dealt with in the next paragraph. 6.2 ESIM modelling results In this paragraph the results from the ESIM program will be compared to the measured values for those criteria that described in chapter 5. Next to this it is explained why not all measured cases were evaluated. The reason for this is that the ESIM could not deal with the low mass flows that occurred at a combination of low engine speed and low load. Comparison ESIM results and measurements Enginespeed 1800 rpm and load 130 Nm 1,6 1,5
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Figure 6.2 Comparison of turbine inlet pressure according to ESIM and measurements
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Determination of the on-engine turbine efficiency of an automotive turbocharger For those cases the program used to crash while trying to calculate the output data. It was also seen that the predicted curves for the turbospeed and pressure at the turbine inlet according to ESIM were very different from the measured values. For those cases for which an ESIM model was made without problems the turbospeed and pressure curves usually both had either too small or too large amplitudes. For those cases that could not be modelled properly, it was encountered that the turbospeed curve e.g. had too large fluctuations while the pressure curve was too flat. Attempts to change the moment of inertia of the rotating turbo parts as input to ESIM were successful in some cases, but usually a satisfactory model could not be obtained. For those cases for which an ESIM model could be made, ESIM seemed to produce results that corresponded well with the measured case. An example of this can be seen in figure 6.2, in which the pressure at the turbine inlet is given as output from ESIM and from measurements. The amplitude of the ESIM pressure curve usually were slightly too large or too small. Changing the input value for the volume of the exhaust system used to be a good tool to produce a satisfactory pressure curve. Because the inertia of the exhaust gases is not a part of ESIM, it can be seen that the ESIM pressure curve is some crankangles too early, when compared with the measured pressure curve. Turbospeed curves from ESIM and m easurem ents 65500
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Figure 6.3 Comparison of turbospeed according to ESIM and measurements Next to the pressure at the turbine inlet, an important criteria to accept the result of ESIM is the curve for the turbospeed. An example of a comparison between ESIM and measurements is shown in figure 6.3. The curves resemble each other well in general. As was written in chapter 3, the measured turbospeed curve was shifted to its expected location. This is due to the fact that the algorithm written to calculate the average turbo cycle did not work satisfactory. The expected location was calculated from the assumption that the delay between the pressure and the acceleration power is caused by the time it takes for the mean flow to reach the rotor The other criteria that were given in chapter 5 that had to be met to except the ESIM model are shown in table 6.1. Table 6.1 Other criteria that were set for an ESIM model Criteria Input data ESIM / Desired value Temperature compressor inlet Temperature compressor outlet Pressure compressor inlet Pressure compressor outlet Cylinder peak pressure Cylinder peak temperature Engine power Air/fuel ratio λ Pressure in inlet manifold



30,2 °C 54,7 °C 1,025 bar 1,197 bar 34,4 (desired value from MKPAD) 1980 °C (desired value from MKPAD) 24,5 kW (desired value from MKPAD) 1 (desired value, not measured) 0,835 bar (Average value from fast measurements)
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Output data ESIM 30,2 °C 54,3 °C 1,025 bar 1,1964 bar 34,1 2222 °C 24,4 1,012 0,7911 (lowered to improve value for λ)
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Because the results shown in this paragraph yield for all cases in which an ESIM model could be made, it can be concluded that ESIM seems to be a good tool to obtain the mass flow of exhaust, velocity and temperature at the turbine inlet. A disadvantage is that the whole traject from reading in the measurements into the MKPAD program (to obtain e.g. the amount of fuel burned per cylinder per cycle), the actual ESIM modelling and the comparison of the ESIM results with the measurements is very time consuming. When some experience was obtained, a satisfactory ESIM model could be obtained after circa 2 hours when no large problems did occur. Te m pe ra ture a t the turbine inle t a nd m a ssflow of e x ha ust Engine spe e d 1800 rpm a nd loa d 130 Nm
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Figure 6.4 Temperature and mass flow of exhaust gases at the turbine inlet (kg/s) The data for which ESIM was used, the temperature and the mass flow of exhaust at the turbine inlet, are shown in figure 6.4. 6.3 Turbine efficiency results 6.3.1 The turbine efficiency curve As was described in chapter 3, software was written that calculates the turbine efficiency from the different data. The input data consists of three files containing data as a function of crankangle. These files contain results from ESIM, measured pressure and angular turbospeed and acceleration torque. The results from the program are discussed here. TTS turbine Efficiency Enginespeed 1800 rpm and load 130 Nm
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Figure 6.5 Turbine efficiency versus crankangle
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Determination of the on-engine turbine efficiency of an automotive turbocharger A typical curve of the turbine efficiency versus crankangle can be seen in figure 6.5. Although most cases show a similar graph, the graphs look slightly different for those cases in which the pressure at the turbine outlet is higher than at the turbine inlet during four short periods in one engine cycle. Furthermore, it has to be stated that the efficiency peaks in this example are circa 300%, but that peaks of thousands of percents were also founds for several cases. Possible explanations for this behaviour are given now. 6.3.2 Evaluation of the efficiency curve It can be seen in figure 6.5 that the turbine efficiency for certain crankangle intervals is lower than 0% and higher than 100%. These extreme values can be explained with figure 6.6 and the formula that was given for the turbine efficiency in chapter 3:



ηt =



compressor power + acceleration power isentropic turbine power



(6.1)



The efficiency becomes more than 100% as soon as the sum of the compressor and acceleration power crosses the line of the isentropic turbine efficiency, which presents the power that is available in case the high-pressure exhaust gases would be expanded isentropically to the atmospheric pressure. This happens e.g. at 40 crankangle degrees. After 20-30 degrees the lines cross each other again, after which the efficiency drops below 100% again. At circa 70 rankangle degrees the sum of the compressor and acceleration power becomes lower than zero. With the turbine efficiency formula used this means that the turbine efficiency gets a negative value. S u m o f c o m p re s s o r a n d a c c e le ra tio n p o w e r a n d is e n tro p ic tu rb in e p o w e r E n g in e s p e e d 1 8 0 0 rp m a n d lo a d 1 3 0 N m 8000 7000 6000
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Figure 6.6 Isentropic turbine power and sum of compressor and acceleration power versus crankangle At 100 crankangle degrees the sum of the compressor and acceleration power is larger than zero again, which results in a temporary efficiency above zero. Because the sum of the compressor and acceleration power keeps on fluctuating and becomes lower than zero for a second small interval, the efficiency becomes lower than zero for a short period again. After this the efficiency remains at an expected value between 0 and 100% until the behaviour described above is repeated. When the mass-flow of exhaust is plotted in the same graph as the turbine efficiency (see figure 6.7) it can be seen that the peaks in the mass-flow curve occur in the same intervals in which the behaviour of the turbine efficiency seems to be most reasonable, i.e. between 0 and 100%.



- 33 -



Determination of the on-engine turbine efficiency of an automotive turbocharger Most researchers calculating the instantaneous turbine efficiency found infinite values. Winterbone and Pearson [25] write that this problem especially occurs when the compression ratio becomes unity. In this work the same problems occurred, as is shown further on in this chapter where the cases are treated, for which the compression ratio becomes smaller than 1 for certain crankangle intervals. Winterbone and Pearson write also that the instantaneous values appear to deviate significantly from the equivalent steady state ones and that the variation in instantaneous efficiency appears to be less at higher pulse frequencies. This means that in this thesis, in which only very low engine speeds are evaluated, cases are analysed in which the efficiency tends to fluctuate strongly. This might be due to the rather unstable characteristics and large cycle-to-cycle variations that tend to occur while driving at low engine speeds. Turbine efficiency and mass flow of exhaust 400
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Figure 6.7 Turbine efficiency and mass flow of exhaust versus crankangle 6.3.3 Possible explanations for the behaviour of the turbine efficiency When figure 6.6 is examined carefully, it can be concluded that values between 0 and 100% could be obtained by making the curve of the compressor and acceleration curve a little bit more steep and narrow and by flattening the fluctuations that occur after the peak so that the curve fits between the axis of zero power and the curve of the isentropic turbine power. Because this is not the case efficiencies higher than 100% and lower than 0% occur. Some explanations can be given to explain this behaviour. In this context it should be noted that the sum of the compressor and acceleration power is build up from a constant compressor power and a fluctuating acceleration power. ♦



♦



♦



The acceleration power is derived from the average turbospeed curve in a number of steps. This average curve is calculated with software from e.g. 2000 measured revolutions of the turbo wheel. If the measurement was not completely stable the turbospeed might fluctuate on a large time scale. Furthermore the average turbospeed curve might not represent a certain cycle well if large cycleto-cycle variations occur (which is usually the case for low engine speeds). Evaluations of a notaveraged cycle will show if the averaging itself introduces unnaturally high turbine efficiencies. As was described before, data is shifted ‘from the turbine inlet to the turbine shaft’. The precise method for this is subject of discussion, as is described by Winterbone and Pearson [25], who write about the different methods used by three groups of researchers. As a result of this the curve of the isentropic acceleration power might be translated in time, so the curve of the sum of the compressor and acceleration power might fit better under the curve of the isentropic turbine power. In case the value used for the moment of inertia of the rotating turbo parts was not exactly right, the turbine efficiency will be influences by this over the entire engine cycle, because the acceleration power consists of the angular turbospeed multiplied by the angular acceleration and the moment of inertia.
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In case the constant value for the compressor power is not right, the curve of the summed compressor and acceleration power will be translated. The largest uncertainties in the formula for the compressor power are the mass flow of air and the mechanical efficiency. The latter one is assumed to be 100%, because no data was available. Because the compressor power is obtained by dividing by the mechanical efficiency, the value for the compressor power should be slightly higher when values lower than 100% are expected. As was described before, the mass flow of air was calculated from the amount of fuel burned per cylinder per cycle. Because the amount of fuel already is arbitrary and the calculation of the mass flow of air from this introduces even more uncertainties, the value used for the mass flow of air gives rise to errors in the turbine efficiency. In the calculation of the compressor power the stagnation temperature at the compressor inlet and outlet is assumed to equal the static temperatures. This will not lead to large errors due to the rather low velocity of air. Most researchers [26] agree that the fluctuations at the compressor side are small compared to the pulsating flow at the turbine side of the turbocharger. In this thesis the compressor is also assumed to operate under steady conditions. This assumption gives rise to interesting phenomena as soon as the peak of exhaust gases has passed the turbine. From this moment on the pressureratio over the turbine and the mass flow of exhaust, and thus the isentropic turbine power, are very small. If it is assumed that the isentropic turbine power equals zero during this period it means that the compressor and acceleration power must be in equilibrium with each other. But because the compressor power is constant and the acceleration power decreases, as the power stored in the fast rotating turbo parts is used to drive the compressor in the period that no work is done by the exhaustgases, the power balance is not zero. From this it can be concluded that the compressor power can not be considered to be constant or that an extra term should be introduced in the formula for the turbine efficiency. This extra term could consist of the kinetic energy of the air in the compressor, which is assumed to be zero now. An instantaneous evaluation of the compressor side might lead to another approach to calculating the turbine efficiency. Unfortunately this evaluation was not part of this thesis. In this context it is also interesting that Winterbone and Pearson, who used a pulse generator that provides one flow of exhaust to the turbine, [25] write that even though the exhaust valve is closed and no exhaust flows into the system, exhaust gas might flow through the turbine. So, suppose this is true and ESIM (that gives the flow into and out of the volume that represents the exhaustmanifold) underestimates the amount of exhaust through the turbine in the period after the pressure peak, the isentropic turbine power might be higher in the period after the pressure peak. The curve for the isentropic turbine power also includes uncertainties. The turbine power is e.g. calculated from the mass flow of exhaust and the stagnation temperature at the turbine inlet. Because the mass flow of exhaust, the temperature and the velocity of the exhaust gases, which is needed to calculate the stagnation temperature, are not measured as a function of crankangle, these values are obtained from ESIM. Although the models made seemed to match well with measurements, using values from a model will always introduce extra uncertainties. The isentropic turbine power is furthermore build up from the pressureratio over the turbine. Because pressure measurements were done in the end of a complex shaped exhaustmanifold and a strongly bend exhaust pipe behind the turbine, which both are modified to be able to mount e.g. other measuring devices and a lambda-sensor, the pressure measurements might be influenced by pressure waves and might have local differences. Thermodynamic properties are also part of the formula used to calculate the isentropic turbine power. The values for the specific heat and kappa as a function of kappa were obtained by software that was written for this thesis and that was based on a polynomial interpolation method from Heywood [11]. Because it is uncertain how accurate this method is, errors might be introduced by using this specific method for calculating thermodynamic properties.
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6.3.4 Filtering of the efficiency curve In the paragraphs above, the turbine efficiency was presented as in figure 6.5. In these kind of plots efficiencies of lower than 0% and higher than 100% can be seen. Some possible reasons for this were given in the last paragraph. Most reasonable, however, is that the values for the sum of the compressor and acceleration power and the turbine power become very small in the intervals between the exhaust pulses. As a result of this, the calculation becomes unstable. Therefore, it was chosen to filter the efficiency curve. The result can be seen in figure 6.8. Efficiency w ith and w ithout filtering 300 250 200 Efficiency (%)
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Figure 6.8 Efficiency before and after filtering The result of the filtering is that efficiencies between 0 and 100% are obtained for the intervals when the exhaust pulse travels through the turbine. The efficiencies for the intervals in between exhaust pulses are assumed to be 0. E fficiency as function of blade speed ratio for 1/4 of an engine cycle E nginespeed 1800 and load 130 N m 100 90 80
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Figure 6.9 Instantaneous efficiency versus blade speed ratio for period of one exhaust pulse
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Determination of the on-engine turbine efficiency of an automotive turbocharger A very interesting figure is obtained when the filtered efficiency is plotted as a function of the blade speed ratio or the pressure ratio over the turbine for the interval in which one exhaust pulse travels through the turbine. In figure 6.9 the efficiency from the first exhaust pulse (the one most to the left in figure 6.8 from –20 to 50 crankangle degrees) is plotted versus the blade speed ratio. The instantaneous efficiency first travels from circa 90% to the minimum of 20%, before it increases again to 80%. The same traject can be followed in figure 6.9. Most points in the curve can be found at a low efficiency. This is the period where the mass flow of exhaust and the turbine inlet pressure have their peaks and the pressure ratio P03/P4 over the turbine is high. This means that the isentropic turbine power is high during the peak of the exhaust pulse and the blade speed ratio is low, which explains the low instantaneous efficiency during the peak of the exhaust pulse. In chapter 3, where the theory of turbine efficiency is described, a plot was shown for the turbine efficiency as a function of blade speed ratio for steady-state case. This figure is shown again in figure 6.10. T urbine efficiency versus blade speed ratio U/C 0,8 Efficiency (%)
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Figure 6.10 Turbine efficiency versus blade speed ratio for steady-state cases When figure 6.10 is compared with figure 6.9, it can be concluded that the fluids in the turbine during an exhaust pulse behave like an infinite number of successive steady-state conditions. With other words, during one exhaust pulse, the instantaneous efficiency travels over the left part of the curve in figure 6.10. In figure 6.11 the instantaneous efficiency is plotted versus the pressure ratio P4/P03 over the turbine. E ffic ie n c y a s fu n c tio n o f p re s s u re ra tio E n g in e s p e e d 1 8 0 0 a n d lo a d 1 3 0 N m 100 90 80
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Figure 6.11 Instantaneous turbine efficiency versus pressure ratio over the turbine



- 37 -



0 ,9 5



Determination of the on-engine turbine efficiency of an automotive turbocharger



6.3.5 Time-averaged turbine efficiency Although it is interesting to evaluate the instantaneous turbine efficiency, it is desirable to obtain one value for the turbine efficiency that describes how good the turbine manages to convert the energy stored in exhaust pulses into work for a certain engine speed and load. Another reason to strive to obtain one value is that SAAB wants to be able to calculate ‘the’ turbine efficiency from measured data. Before one value from a certain case is determined, some theory about the energy stored in a pulse of exhaustgases has to be given. From literature [24] it can be obtained that the energy stored in a exhaust pulses from crankangle1 to crankangle2 consists of the integral of the instantaneous mass flow mex multiplied with the instantaneous stagnation enthalpy at the turbine inlet h0t: Crankangle 2



Energy =



∫m



ex



⋅ h0t ⋅ dΘ



(6.2)



Crankangle 2



When the stagnation enthalpy is rewritten, the following formula is obtained: Crankangle 2



Energy =



1   m ex  c p ⋅ ∆T + v 2  ⋅ dΘ 2   Crankangle 2



∫



(6.3)



So, the energy in an exhaust pulse depends upon the instantaneous mass flow, the instantaneous temperature of the exhaust relative to a reference temperature and the square of the instantaneous velocity of the exhaustgases. When the contribution of the temperature and the velocity part of the formula to the total amount of energy in an exhaust pulse is evaluated, it can be concluded that the contribution of the velocity part is much larger than that of the temperature. This is why the turbine efficiency versus crankangle should be energy-averaged. This means in the same time that the values for the turbine efficiency that seemed to be most reliable (between 0 and 100%) and that are obtained when an exhaust pulse occurs, get most weight in the calculation of the time-averaged turbine efficiency. The values below 0% and above 100% get a very low weighting factor, because the mass flow and velocity are low in between exhaust pulses.



Efficiency versus load for enginespeed of 1800 rpm 70



Efficiency (%)



60 50 Energy-average(%)



40



ESIM (%)



30



SAAB (%)



20 10 0 70



90



110



130



150



170



190



Load (Nm) Figure 6.12 Energy-averaged turbine efficiency for engine speed 1800 rpm



- 38 -



Determination of the on-engine turbine efficiency of an automotive turbocharger The trends for the energy-averaged turbine efficiency for different engine speeds as a function of load is plotted in figures 6.12 and 6.13. In the same graphs the turbine efficiency according to ESIM and the turbine efficiency calculated with the formula used by SAAB are given too. In SAAB’s formula average data are used to calculate the turbine efficiency, in which the compressor efficiency is incorporated. The formula is: m air ⋅ c p ,air ⋅ (T2 − T1 )



η=



(m air + m fuel ) ⋅ c p ,exhaust



P ⋅ T3 ⋅ (1 − 03 ) P4



(6.4)



1−κ



κ



Ef f ic ie n c y v e r s u s lo a d f o r e n g in e s p e e d o f 1 7 0 0 r p m 70 60



Efficiency (%)



50 En e r g y - a v e r a g e ( % )



40



ES IM ( % ) 30



SA A B (% )



20 10 0 100



120



140



160



180



200



L o a d ( Nm)



Figure 6.13 Energy-averaged turbine efficiency for engine speed 1700 rpm From the figures 6.12 and 6.13 it can be concluded that the values of the energy-averaged turbine efficiency are rather close to turbine efficiency given by ESIM. When SAAB’s formula is found much larger values are found. On first sight the energy-averaged turbine efficiencies seem to be rather low, but this can be explained. Watson and Janota [24] write that “as the instantaneous mass flow rate arriving at the turbine varies from one extreme to another, the resultant gas angles in the machine will depart far from their design values, creating large incidence losses, boundary layer separation, etc. It would be unreasonable to expect the turbine to operate at high efficiency…” In this context it is interesting to evaluate the blade speed ratio, because radial flow turbines use to have maximum efficiency at a blade speed ratio of circa 0,7. When the instantaneous turbine efficiency is evaluated, it is seen that the blade speed ratio fluctuates in time. It was already shown in figure 6.9 that the blade speed ratio does not even reach the value of 0,7. The high values for the blade speed ratio occur in the intervals. In these intervals between the exhaust pulses almost no energy is converted and the efficiencies are given the value zero. The blade speed ratio is so low during on-engine conditions, because when an exhaust pulse arrives in the turbine the pressure ratio P03/P4 over the turbine will rise immediately, but the rise in turbine speed will take some time. This causes the blade speed ratio to drop, which explains the ‘valley’ in the filtered efficiency curve during an exhaust pulse (see figure 6.8).
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Determination of the on-engine turbine efficiency of an automotive turbocharger 6.3.6 Results of Benson method It was described in chapter 3 that a method was evaluated to calculate the data that can not be measured from the instantaneous turbine inlet pressure curve. The advantage of this is that the use of a simulation program is no longer necessary or the time that it is used can be brought down at least. Com pa r is on of Be ns on-m e thod a nd ES IM
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Figure 6.14 Temperature at the turbine inlet for Benson-method and ESIM C o m p a r is o n o f B e n s o n - m e t h o d a n d E S IM
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Figure 6.15 Temperature at the turbine inlet for Benson-method and ESIM Com pa r is on of Be ns on-m e thod a nd ES IM 300
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Figure 6.16 Velocity at the turbine inlet for Benson-method and ESIM
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Determination of the on-engine turbine efficiency of an automotive turbocharger The results for the Benson-model are plotted in figures 6.14 until 6.16. The figures yield for an engine speed of 1800 rpm and a load of 100 Nm. The model worked better for low load than for high load. This is due to the curve for the mass flow, which becomes more different from the ESIM curve for higher loads. The average value for the Benson mass flow and the ESIM mass flow are the same, but the fluctuations become smaller or larger for the Benson model as load changes. The result of this is probably that the weight factors, to calculate the energy-averaged efficiency, also change. The velocity curve is obtained by specifying the velocity factor, which was introduced in chapter 3. The value of the velocity factor is obtained from the average and maximum velocity from ESIM. So, the ESIM model is used more or less. But once a relationship for the velocity factors is obtained for different speeds and loads, the simulation program is no longer needed. The mass flow curve is obtained from specifying the average mass flow of exhaust. Because the mass flow of air and the amount of fuel injected can be measured, a simulation program is not necessary to create the Benson mass flow curve. The temperature curve is obtained from specifying the average temperature at the turbine inlet. Instead of using the time-averaged measured value, the value from ESIM was used. The reason for this is that the ESIM value produced better results. The measured value usually is a couple of hundred degrees lower than the average temperature of ESIM. This might be due to heat losses, the cooling fan used, convection from the temperature sensor, etc. In case the right temperature can be obtained from measurements, when the errors in the measurement are accounted for, the simulation program is no longer necessary. Com pa r is on be tw e e n e ne r gy-a ve r a ge d e ffic ie nc y a nd Be ns on m e thod for 1 8 0 0 r pm 40 35 Efficiency (%)
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Figure 6.17 Comparison between energy-averaged energy and efficiency with Benson method
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Figure 6.18 Comparison between energy-averaged energy and efficiency with Benson method
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7 Conclusions This thesis deals with the determination of the on-engine turbine efficiency. It was described that the turbine efficiency normally is measured under off-engine conditions. Under these steady-state conditions the turbine can expand a fluid flow with constant mass flow, temperature and pressureratio over the turbine. This means that the flow angles in the turbine do not change in time, and thus the turbine efficiency is constant too. As a result from this an equation can be used to determine the turbine efficiency from time-averaged pressure and temperatures. Under on-engine conditions, the turbine has to cope with a broad range of flow situations during an engine cycle. The mass flow, pressure, temperature and velocity of the exhaustgases entering the turbine change from one extreme to another. Due to this the flow angles and the blade speed ratio are functions of crankangle too. It was obtained that the blade speed ratio, which has a direct relation to the efficiency and which has an optimum value for radial flow turbines of circa 0,7, fluctuates strongly. This means that the turbine under an engine cycle is almost never operating under the optimal conditions it is designed for. This is why the averaged on-engine efficiency is expected to be lower than the steady-state off-engine efficiency. Because no turbine maps were available from the turbo manufacturer for the extreme low fluid flows that that were evaluated in this case (due to limitations of the mechanically closed wastegate), no comparison could be made between the averaged on-engine efficiency and the values given by the manufacturer for the steady-state off-engine testing. When calculating the average efficiency from the instantaneous values during one engine cycle, the energy-averaged efficiency should be taken. This means that the efficiency for a certain crankangle is multiplied with a weight factor build up from the instantaneous mass flow of exhaust times the square of the instantaneous velocity of the exhaust flow. This weight factor represents the kinetic energy, which is the most important term in the equation that describes the potential energy available in an exhaust pulse entering the turbine. A formula used by SAAB that used time-averaged values to calculate the turbine efficiency was evaluated too. The average measured values of an engine cycle were used as input values for the formula. After this the result was compared with the energy-averaged value of the instantaneous efficiencies calculated with the new formula for the on-engine efficiency, which was derived in chapter 3. It was found that the energy-averaged efficiency is 20 to 30% lower than the efficiency calculated with the time-averaged values and SAAB’s formula. This can be explained by the fact that the turbine under on-engine conditions is mainly operating at very low values of the blade speed ratio, for which the turbine efficiency is low. High blade speed ratios occur in the intervals in between exhaust pulses, in which almost no energy is converted. These cases are considered to be irrelevant. A method was tried that makes it possible to determine the instantaneous values for the temperature, mass flow and velocity at the turbine inlet from the measured instantaneous pressure. In case it is possible with this method, called the Benson-method, to gain the same results as a simulation program would give, it means (in theory) that time consuming simulations no longer are necessary and that SAAB is able to calculate the turbine efficiency in the test cell at the moment the instantaneous pressure measurement is carried out. It is possible to image that specific software in a computer in the test cell reads in measured data, such as the instantaneous pressure at the turbine inlet and the turbospeed, in real time. After this the software calculates the average turbospeed cycle, from which the acceleration power can be derived, and the average pressure cycles for the turbine inlet and outlet. Together with the time-averaged measurement data from the compressor side, a procedure to calculate the thermodynamic properties of the air and exhaust gases and a procedure to calculate the instantaneous velocity, mass flow and temperature at the turbine inlet from the measured pressure with the Benson-method, the energy-averaged turbine efficiency could be obtained in real-time. Because the Benson-method was incorporated in the thesis at a very late moment, not much time was available to fine-tune the method. The first results showed that it is rather easy to obtain instantaneous values for the velocity that match with the results from ESIM. To obtain satisfactory results for the instantaneous temperature, and especially the mass flow of exhaust, already turned out to be more difficult. As a result of this, the energy-averaged efficiency that were calculated with the temperature, velocity and mass flow according to the Benson-method differed from the energy-averaged efficiency based on ESIM data. Nevertheless, the Benson-method seems to be a promising tool that deserves further study, because it might be a solution to SAAB’s problem to quickly calculate the on-engine turbine efficiency.
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8 Outlook and evaluation Because the subject of this thesis, to determine the on-engine turbine efficiency, is a very large one, it was impossible to explore all aspects of it. The thesis was limited to measurements with a closed wastegate, which meant that the engine speed had to be kept below 1800 rpm. Without much changes the method that is described in this thesis to calculate the on-engine for the cases in which the wastegate is closed, can be used for cases in which the wastegate is open. The most difficult aspect of this is that the wastegate opening has to be calibrated in one way or another to be able to determine how much flow bypasses the turbine and how much actually is used to drive the rotor. Because the valve used to control the wastegate (APC-valve) works with a frequency of 70-90 Hz according to a SAAB manual, determining the on-engine wastegate flow will be very complex. Researchers [5] calibrated the wastegate under off-engine conditions by replacing the wastegate valve by different nozzles of known cross-sectional areas. This means that the wastegate opening is fixed and not changing in time due to the controlling with the APC-valve, but the method with the fixed nozzle area is a first approach to estimate the turbine flow under conditions that the wastegate is closed. This means also that the instantaneous or time-averaged displacement of the wastegate rod has to be measured, to be able to determine the isentropic flow area of the wastegate. As was described in the conclusions, the Benson-method might be a tool to calculate the on-engine turbine efficiency directly in the test cell. Unfortunately, the method was included in the thesis at a very late stage. Due to this not much time and effort were spent to obtain a model that results in instantaneous values for the velocity, mass flow and temperature at the turbine inlet that correspond well to the values obtained from the simulation program ESIM. As a result of this, the turbine efficiency obtained with the model differed from the values calculated with the data from ESIM. Because the Benson-method is judged to be promising, it will be interesting to see if the turbine efficiency can be matched with the efficiency obtained without using the Benson-method, if more effort is put in improving the method. The calculations of the instantaneous on-engine efficiency showed that values above 100% and below 0% were obtained in the intervals between the exhaust peaks. Because the turbo shaft is deaccelerating, the mass flow is close to zero and the pressure ratio P4 /P03 over the turbine is very close to 1 (or above 1) in these intervals, the sum of the compressor and acceleration power and the isentropic turbine power have very low values. Due to this, the calculations seemed to become unstable and the impossible values for the efficiency were obtained. Improving the method used might lead to slightly better results, but the focus should be on the intervals in which the exhaust pulses occur and in which much energy is available. The problems in the intervals in between the exhaust pulses are due to the formula used to calculate the on-engine turbine efficiency, which will always give infinite efficiency in case the pressure ratio equals one. A solution is to disregard the intervals in between exhaust pulses, as was done in this thesis, or to define a new formula. The compressor power is assumed to be constant in this thesis. The same assumption is made by different researchers and seems to be reasonable due to the large volume of the inlet manifold and the damping effect of the charge air cooler. Nevertheless, it should be interesting to do instantaneous measurements on the compressor side too, to investigate to which extend the processes are ‘constant’. This might lead to a redefinition of the formula used to calculate the on-engine turbine efficiency. The engine used for the measurements was old, which influences the result. The large cycle-to-cycle variations that are characteristic for a worn-out engine, might have lead to cases in which the calculated data for the ‘average engine cycle’ is not representative for all engine cycles in the measurement. It was seen that the controlling of the engine speed and load was not very stable at high loads. The engine speed could fluctuate as much as 100 rpm at loads above 150 Nm. It was decided that these cases could not be evaluated. Cases with smaller, but still significant fluctuations in engine speed, were evaluated. Improvement of the engine control system to obtain a more stable operation will probably lead to slightly different results. The mass flow of air was not measured, because the measurements did not work properly during the period the final measurements were carried out. Instead it was determined from the amount of fuel burned, which was obtained from software evaluating the cylinder pressure curve. In case a fuel balance had been used and the airflow measurements should have worked, a more accurate result should have been obtained.



- 43 -



Determination of the on-engine turbine efficiency of an automotive turbocharger



9 References 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27.



Agrell, F. and Alsterfalk, M., Turboprojektet 1995, Division of Internal Combustion Engines, Royal Institute of Technology, Stockholm, 1995 Automotive handbook, Robert Bosch GmbH, Stuttgart, 1996 Avgasteknik för ottomotorer, Robert Bosch GmbH, Stuttgart Benajes, J., el al, Pre-design criteria for exhaust manifolds in I.C. automotive engines, University of La Coruňa and University of Valencia, SAE paper 980783, 1998 Capobianco, M. e.a., Effect of inlet pulsating pressure characteristics on turbine performance of an automotive wastegated turbocharger, University of Genoa and Centro Ricerche Fiat, SAE technical papers series no. 900359, 1990 Chun, K. and Heywood, J. Estimating heat-release and mass-of-mixture burned from spark-ignited engine pressure data, Combustion science and technology, Sloan Automotive Laboratory, MIT, Gordon and Breach Science Publishers, Great-Brittain, 1987 Connor, W. and Swain, E., Extension of the filling and emptying engine performance simulation method to include gas dynamic effects, PCA Engineers, Lincoln, and Engineering Design Institute, Loughborough University of Technology, Leicestershire, IMechE,1994 Dale, A. and Watson, N., Vaneless radial turbocharger turbine performance, Imperial College, London, Turbocharging and turbochargers, 1986 Ehrlich, D.A., e.a., On-engine turbocharger turbine inlet flow characterization, Purdue University, SAE technical papers series no. 971565, 1997 Ekengren, Å., Mätning av vevaxelns varvtalsvariationer, Division of Internal Combustion Engines, Royal Institute of Technology,Stockholm, 1999 (Preliminary version) Heywood, J., Internal combustion engine fundamentals, McGraw-Hill, Singapore, 1988 Hong, C. and Watson, N., Turbocharged S.I. engine simulation under steady and transient conditions, Imperial College, London, SAE paper 880122, 1988 Iwasaki, M, e.a., Comparison of turbocharger performance between steady flow and pulsating flow on engines, Ishikawajima-Harima Heavy Industries Co, SAE technical papers series no. 940839, 1994 Japikse, D. and Baines, C., Introduction to turbomachinery, Concepts ETI Inc and Oxford University Press, 1994 Johansson, S., Turbovarvtalmätning, Division of Internal Combustion Engines, Royal Institute of Technology,Stockholm, 1994 Klimstra, J., el al, Efficiency determination of turbochargers for Otto-Cycle engines, Gasunie Research, SAE paper 932820, 1993 Larsson, M., Studie av Variabel Geometri Överladdare för Dieselmotorer, Final Thesis,Division of Internal Combustion Engines, Royal Institute of Technology, Stockholm, 1999 Lawless, P., Characterization and modeling of turbocharger dynamic performance, Purdue University, SAE paper 971566, 1997 Partial admission and unsteady flow in radial turbines, Course material by Concepts ETI, Inc, Wilder, Vermont, 1999. Shamsi, S.S., Estimating the influence of pulsating flow conditions on the performance of a turbine, Pakistan State Oil Co, SAE technical papers series no. 790068, 1979 Stemler, E. and Lawless, P., The design and operation of a turbocharger test facility designed for transient simulation, Purdue University, SAE paper 970344, 1997 Turbochargers and turbocharging, The Institution of Mechanical Engineers, Mechanical Engineering Publications Limited, London, 1986 Turbochargers and turbocharging, The Institution of Mechanical Engineers, Mechanical Engineering Publications Limited, London, 1990 Watson, N. and Janota, M., Turbocharging the internal combustion engine, The MacMillan Press LTD, London,1982 Winterbone, D. and Pearson, R., Turbocharger turbine performance under unsteady flow – a review of experimental results and proposed models, UMIST, Manchester, Turbocharging and air management systems, 1998 Winterbone, D. el al, Measurement of the performance of a radial inflow turbine in conditional steady and unsteady flow, UMIST, Manchester, Turbocharging and turbochargers, 1990 Ångström, H., Termodynamik för förbränningsmotorer, Division of Internal Combustion Engines, Royal Institute of Technology,Stockholm, 1996



- 44 -



Determination of the on-engine turbine efficiency of an automotive turbocharger



Extra references for the environmental chapter 28. Capobianco, M., el al, Controlling turbocharging and EGR system to improve exhaust aftertreatment conditions in an automotive diesel engine, University of Genoa, Turbocharging and air management systems, 1998 29. Egli, H., Evolution and outlook of turbochargers for vehicle engines, Garrett Automotive Products Companies, USA, Turbocharging and Turbochargers 1986, Institution of Mechanical Engineers, 1986 30. Emmenthal, K., el al, Turbocharging small displacement spark ignition engines for improved fuel economy, Volkswagenwerk, Wolfsburg, SAE paper 790311, 1979 31. Grandin, B., Full load performance of a turbo charged SI engine in the presence of EGR, Licentiate Thesis, Royal Institute of Technology, Sweden, 1999. 32. Jenny, E., Moser, P., Hansel, J., Progress with variable geometry and Comprex, BBC Brown Boveri and Company Limited, Switzerland, Turbocharging and Turbochargers 1986, Institution of Mechanical Engineers, 1986 33. Kaiser, K., Installation and design problems associated with the automotive turbocharger, Wallace Murray Corporation, USA, SAE technical papers series no. 790313, 1979 34. Milliken, D., Gu, R., Yee, M., New developments in wastegated passenger car turbocharger aerodynamics, Garrett Automotive Group, USA, SAE technical papers series no. 910423. 1991 35. Mitsuishi, S. el al, Emission reduction technologies for turbocharged engines, Nissan Motor Co., SAE paper 1999-01-3629, 1999 36. Okazaki, Y., Matsudaira, N., Hishikawa, A., A case of variable geometry turbocharger development, Mitsubishi Heavy Industries Limited, Japan, Turbocharging and Turbochargers 1986, Institution of Mechanical Engineers, 1986 37. Rosenkranz, H., Watson, H., Bryce, W., Lewis, A., Driveability, fuel consumption and emissions of a 1.3 litre turbocharged spark ignition engine developed as replacement for a 2.0 litre naturally aspirated engine, University of Melbourne, General Motors, Garrett, Australia, Turbocharging and Turbochargers 1986, Institution of Mechanical Engineers, 1986 38. Schmitz, N., El al, Potential of additional mechanical supercharging for commercial vehicle engines, Mercedes-Benz AG, Germany, SAE technical papers series no. 942268, 1994. 39. Sumi, Y., Yamane, K., Recent development of high-response turbochargers for passenger cars, Nissan Motor Company Limited, Japan, Turbocharging and Turbochargers 1986, Institution of Mechanical Engineers, 1986 40. Walsham, B., Alternative turbocharger systems for the automotive diesel engine, Holset engineering company Limited, Huddersfield, Turbocharging and Turbochargers 1990, Institution of Mechanical Engineers, 1990



- 45 -



Determination of the on-engine turbine efficiency of an automotive turbocharger



Appendix 1: Theory of the turbine efficiency program and the thermodynamic properties procedure 1. ♦



Read in fixed input values The user has to specify values for the following parameters:



Table A1.1 Fixed input values specified by the user Parameter



Unit



Air mass flow Stagnation temperature compressor inlet Stagnation temperature compressor outlet Mechanical efficiency turbocharger Moment of inertia rotating turbo parts H/C ratio of the fuel Pressure compressor inlet



(kg/s) °C (stagnation temp. is assumed to equal static temp) °C (stagnation temp. is assumed to equal static temp) % Kg.m2 Bar (To be able to calculate steady-state compressor efficiency) Bar (To be able to calculate steady-state compressor efficiency) °C (To be able to calculate steady-state turbine efficiency)



Pressure compressor outlet Temperature turbine outlet



2 Read in 3 input files with ASCII-format ♦ Read in the ESIM result file .fep. This file contains all kinds of engine variables versus crankangle. ♦ Read in a file containing the average turbospeed cycle data versus crankangle. ♦ Read in the file containing measured pressures versus crankangle. ♦ The turbospeed program demands that all three files have the same crankangle start value and the same crankangle step. Another program was therefore written that can produce a file with the desired crankangle start value and -step. ♦ The user also has to specify the columns were certain variables can be found in the input files. 3 Calculate the compressor power ♦ If the input files have the same crankangle step and –start value the calculations can be started. ♦ The static temperature at the compressor inlet T01 and –outlet T02 that were specified by the user are used to calculate the specific heat of the air before and after the compressor. This is done by cp making a call to a procedure that calculates the specific heat cp and the kappa for air and cv exhaust gases. This procedure is described below. ♦ Next to the specific heat before cp,1 and after cp,2 the compressor, the mass flow of air mair and the mechanical efficiency ηmech are used to calculate the compressor power Pc: Pc = m air (T02 − T01 )



♦ ♦



(c p,1 + c p,2 ) 2 ⋅ η mech



The value of the alternative formula is used in the calculation of the turbine efficiency as a function of crankangle. This value is usually slightly higher than the compressor power according to the first formula. Finally the steady-state compressor efficiency ηc is calculated to be able to compare the value with the compressor efficiency obtained from the ESIM program. κ −1



 P02  κ   −1 P  01   ηc = ⋅ 100 T02 −1 T01
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Determination of the on-engine turbine efficiency of an automotive turbocharger 4 Calculate the acceleration power ♦ First the angular turbospeed (rad/s) is calculated from the turbospeed in rotations per minute. The turbospeed in rotations per minute is obtained from another software program that is described in appendix 2. This second program is used to determine the average turbospeed cycle from the measured time between two compressorblades passing the turbospeed sensor. The following formula is executed for all the turbospeed samples as a function of crankangle to obtain the angular turbospeed: turbospeed (rad / s ) =



turbospeed (rpm) ⋅ 2 ⋅ π 60



♦



The angular acceleration is calculated from numerical differentiation of the angular turbospeed curve.



♦



Now the acceleration power can be calculated with the moment of inertia I of the rotating turbo parts. The following formula is again executed for all samples as a function of crankangle:



Pacc = I ⋅ turbospeed (rad / s ) ⋅ angular acceleration (rad / s 2 )



♦



The acceleration- plus the compressor torque is also calculated to be able to evaluate the delay between the pressure at the turbine inlet and this torque. This is described at point 5. The compressor torque is obtained by dividing the compressor power by the angular turbospeed. The following formula is again executed for all samples as a function of crankangle:



acceleration and compressortorque = angular acceleration (rad / s 2 ) ⋅ I +



Pc turbospeed (rad / s )



5 Calculate the isentropic turbine power ♦ The specific heat and the kappa for the temperature at the turbine inlet and -outlet are again calculated by means of a call to a procedure that calculates those values. The procedure is described below. Because the temperature at the turbine outlet is not known as a function of crankangle, the specific heat and the kappa at the turbine inlet are assumed to be the same as at the turbine inlet. ♦ It has shown that a delay exists between the measured pressure at the turbine inlet and the results from ESIM. Inertia of the exhaust gases is not implemented in the ESIM model, which causes that the pressure peaks at the turbine inlet come ‘too early’ compared to the measured turbine inlet pressure. As a result of this the mass flow of exhaust and the temperature at the turbine inlet are too early too. Therefore a procedure was written that calculates the delay (by means of crosscorrelation) and that shifts the ESIM data to the measured turbine inlet pressure curve. The ESIM data that are shifted are the mass flow of exhaust, the pressure and the velocity at the turbine inlet. Furthermore the specific heat and kappa that were calculated before based on the ESIM temperature at the turbine inlet are shifted too. The shift has shown to be circa 10 crankangle degrees. ♦ Based on a method described in literature [25] a second shift is performed. This is due to the time it takes for the mean of the exhaust flow occurring at the turbine inlet to do work at the turbine shaft. Because the turbine efficiency is calculated from dividing the sum of the compressor- and acceleration power (which act at the turbine shaft) by the isentropic turbine power, the turbine power has to be calculated from data acting at the turbine shaft. This is why the second shift is executed. It should be noted that the turbospeed curve was first positioned at the expected location, because the algorithm written to calculate the average turbo cycle did not work satisfactory. For some reason the average curve was shifted some crankangles to the left compared to the first cycle that was measured. The result was that the first peak in the acceleration power curve could be found before the peak in the turbine inlet pressure curve (see figure 3.5). This is physically not possible and must be due to an error in the algorithm. After some attempts the result was not better and it was decided to shift the curve to the expected location. This location was calculated from the assumption that the delay between the pressure and the acceleration power is caused by the time it takes for the mean flow to reach the rotor [25]. The expected delay in
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Determination of the on-engine turbine efficiency of an automotive turbocharger crankangles was calculated from the engine speed N, the average speed vaverage at the turbine inlet from ESIM and the length L from the pressure transducer to the rotor: ∆Θ =



♦



L ⋅ N ⋅ 720 60 ⋅ 2 ⋅ v average



After the turbospeed curve has been shifted to the expected location, the acceleration power curve can be derived from it. After this the delay between the ‘measurements at the turbine inlet’ and the actions at the turbine shaft can be determined and the second shift can be executed. The stagnation temperature at the turbine inlet T03 can now be calculated from the specific heat cp,3, the velocity (obtained from ESIM) and the static temperature T3 (obtained from ESIM) at the turbine inlet. The following formula is again executed for all samples as a function of crankangle:



T03 = T3 +



♦



v32 2 ⋅ c p ,3



Now the stagnation pressure at the turbine inlet P03 can be calculated:



T P03 = P3 ⋅  03  T3



♦



(3.17)



κ



 κ −1   



The next step is to calculate the total-to-static pressure ratio over the turbine:



pressure ratio TTS =



♦



P4 P03



The turbine power Pt can now be calculated for all samples versus crankangle. The specific heat at the turbine inlet cp,3 and –outlet cp,4 are assumed to be the same, as was explained above. The same yields for the kappa before κ3 and after κ4 the turbine.



Pt = mexhaust ⋅ T03 (c p ,3



 p  − c p , 4  4   p 03 



κ 3 −1 κ3



)



6 Calculate the turbine efficiency ♦ The total-to-static turbine efficiency ηt versus crankangle can now be calculated:



ηt = ♦



(Pc + Pacc ) ⋅ 100 Pt



For evaluation purposes the average, mass-average and steady-state total-to-static turbine efficiency are calculated too. The steady-state total-to-static turbine efficiency is determined from average values over one engine cycle and calculated with the following formula: 1−



η t , steady =



T4 T03



 P 1 −  4  P03



   



κ −1 κ
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Furthermore the blade speed ratio U/C is calculated, against which turbine efficiency usually is plotted to evaluate the turbine efficiency for the whole range of engine load- and speed cases. The blade speed ratio is calculated with the following formula, in which the radius of the turbine wheel Rturbine is included:



U turbospeed (rad / s ) ⋅ Rturbine = C κ −1     P4  κ   2 ⋅ c p ,3 ⋅ T03 1 −       P03   



The following assumptions were done in the software described above: ♦ The static compressor inlet and outlet temperatures equal the stagnation ones. ♦ Lambda is assumed to equal 1. ♦ H/C ratio fuel is assumed to be 1,87. ♦ Air is assumed to consist next to oxygen of 3,773*N2 ♦ Two data shifts are performed.



Theory of the thermodynamic properties procedure A program has been written that calculates the specific heat cp and kappa κ for exhaustgases and air. Two different methods are implemented into the program. This was done to be able to compare and validate the results. The first method determines the thermodynamic properties by means of a fourth grade polynome. The second method uses a linear function. 1 Molecular weight of the exhaustgases First the molecular weight of the exhaustgases Mexhaust has to be calculated. The theory for this calculation is taken from ‘Internal combustion engine fundamentals’ [11]. According to the theory the molecular weight of the exhaustgases can be calculated as the ratio of the mass of the exhaust per mole O2 in the mixture mrp and the amount of moles of exhaust nb: M exhaust =



mrp nb



The mass of the exhaust per mole O2 in the mixture is a function of the air fuel equivalence ratio λ and the molar N/O ratio in air: mrp = 32 + 4 ⋅



(1 + 2 ⋅ ε ) + 28,16 ⋅ψ λ



It is assumed that for air and ε yields:



ψ = 3,773



ε=



4 4+ y



The amount of moles of exhaust can be calculated with: nb =



1− ε



λ



+ 1 +ψ



When it is assumed that the air/fuel equivalence ratio equals 1 and that the H/C ratio of the fuel y equals 1,87, the molecular weight of the exhaust gases can be calculated.
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Determination of the on-engine turbine efficiency of an automotive turbocharger 2 The mass fractions of the exhaust gas components If combustion is assumed of a stoichiometric mixture of a fuel CHy and air in which all fuel is burned and only reaction products CO2 and H2O will be formed, the reaction equation is: y y y   CH y + 1 +  ⋅ (O2 + 3,773 ⋅ N 2 ) ⇒ CO2 + H 2 O + 1 +  ⋅ 3,773 ⋅ N 2 4 2 4    



From this equation the mass fractions of the components in the exhaust gas can be determined: Total mass exhaust = M CO2 +



massfraction CO2 =



y y  ⋅ M H 2O + 1 +  ⋅ 3,773 ⋅ M N 2 2 4 



M CO2



Total mass exhaust y M H 2O 2 massfraction H 2 O = Total mass exhaust y  1 +  ⋅ 3,773 ⋅ M N 2 4  massfraction N 2 =  Total mass exhaust



In the formulas above the mole mass of component i is Mi. 3 The specific heat for each exhaust gas component The specific heat for each component can now be calculated as a function of the temperature T. The equation for the 4th grade polynome is (temperature in Kelvin): c p ,CO2 =



R M CO2



(C



1



+ C 2 ⋅ T + C3 ⋅ T 2 + C 4 ⋅ T 3 + C5 ⋅ T 4



)



The constants C1 till C5 are different for each component, but the method is analogue. Furthermore constant are available in ‘Internal combustion engine fundamentals’ [11] for two temperature intervals, from 300 till 1000 Kelvin and from 1000 till 5000 Kelvin. The ideal gas constant is 8314 J/kmol.Kelvin. When the specific heat for all three components CO2, H2O and N2 have been calculated the massaveraged specific heat of the exhaust gases can be calculated: c p ,exhaust = c p ,CO2 ⋅ massfraction CO2 + c p , H 2O ⋅ massfraction H 2 O + c p , N 2 ⋅ massfraction N 2



In case the linear method is used the specific heat can be calculated from the temperature in Kelvin and the molecular mass of exhaust, which was calculated above: c p ,exhaust = C1 +



T − 273,15 (C 2 − C1 ) + R 1000 − 0 M exhaust



The equation above yields from 0 till 1000 Kelvin. For the temperature interval from 1000 till 2000 Kelvin the next equation is used: c p ,exhaust = C3 +



T − 273,15 − 1000 (C 4 − C3 ) + R 2000 − 1000 M exhaust
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Determination of the on-engine turbine efficiency of an automotive turbocharger For both methods and for all temperature intervals κ can be calculated with the following formula:



κ exhaust =



c p ,exhaust c



p ,exhaust −



R M exhaust



4 Specific heat of air To be able to calculate the specific heat of air the total mass of air has to be calculated: M air = M O2 + 3,773 ⋅ M N 2



From this the massfractions of O2 and N2 in air can be calculated: massfraction O2 = massfraction N 2 =



M O2 M air 3,773 ⋅ M N 2 M air



For the polynome method the specific heat for each component can again be calculated with the polynome function described above. In case the linear interpolation method is used an analogue equation as for exhaust gases can also be used. The only difference is that the molecular mass of air has to be used instead of the mass of the exhaust gases After this the mass-averaged specific heat for air can be calculated: c p ,air = c p ,O2 ⋅ massfraction O2 + c p , N 2 ⋅ massfraction N 2



The κ for air can be calculated with the formula described for κ for exhaust above. Here also the molecular mass of air has to be used instead of the mass of the exhaust gases. ♦



In the turbine efficiency program the linear interpolation method is used to calculate the specific heat and kappa for air. The polynome method is used to calculate the thermodynamic properties of the exhaust gases.
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Appendix 2: Theory average turbospeed cycle program 1 Calculate the turbospeed from the raw data from the 20MHz clock ♦ Raw data from 20 MHz clock is read in ♦ Add 216 if a value is smaller than 0. (Clock from –215 to +215) ♦ Calculate the difference between two successive clock values ∆clock. ♦ Add 216 if the difference is smaller than 0. ♦ Calculate difference in time ∆time in milliseconds from the clock difference, which corresponds to ∆clock time between two compressorblades: ∆t (m sec) = 20 ⋅ 1000 ♦ Calculate the turbospeed in rpm from the time difference and the number of blades, which is 12: 60 * 1000 turbospeed = ∆time ⋅ NumberOfBlades ♦



Sum the time difference to be able to plot the turbospeed against the time in milliseconds



2 Prepare the turbospeed for further handling in the program ♦ To be able to use the turbospeed data from all twelve compressorblades, the division error of the compressorblades has to be accounted for. This means that the angle between the 12 blades is not exactly 30°. ♦ The non-equidistant turbospeed data is stored with an equidistant time step by interpolation after low-pass filtering. The filtering is necessary, because the time step between the data is changed. According to the Nyqvist-theorem low-pass filtering is necessary in order to prevent unnecessary loss of data. 3 Calculate the length of the average turbospeed cycle ♦ First the data is resampled because this is necessary for the Fourier analysis that is done further on in the program. The number of turbospeed data is resampled to the new number of 2n. Usually a value of 14 has been used for n. ♦ Average value of all turbospeed data is calculated and subtracted from the turbospeed data. This is necessary for the Auto-Correlation that is carried out in the next step. ♦ Auto-Correlation of the turbospeed data (minus the average value) is carried out. ♦ After this a Forward-Fourier analysis is carried out, which leads to a graph with peaks for certain frequencies. ♦ The location of the highest peak in the resulting graph of the Forward-Fourier is determined. This represents the frequency (Hz) of the ‘large pulses’ in the turbospeed graph. Four of these pulses form the turbospeed cycle and correspond to one engine cycle. ♦ From the location of the highest peak in the Fourier-graph the duration of the average turbospeed cycle is determined. From this the average engine speed during the turbospeed measurement can be calculated too, which usually corresponds really well to the measured engine speed. 4 Remove large-scale fluctuations ♦ Because the behaviour of the engine is not perfectly stable during the measurements, the turbospeed (disregarded from the ‘normal’ fluctuations in turbospeed because of the blows of exhaustgases from the four exhaust valves) sometimes drifts in time. These fluctuations are taken away by means of a High-Pass Filter, which takes away the frequencies under a certain cut-off Frequency. So, if the Cut-off Frequency is chosen properly the low frequencies that correspond to the drift in turbospeed are removed. After the procedure the result is added to the average turbospeed to obtain the original (but filtered) turbospeed values again.
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Determination of the on-engine turbine efficiency of an automotive turbocharger 5 Place the different turbospeed cycles on top of each other and determine the average values. ♦ The duration of the average turbospeed cycle was determined in step 3. From this duration the number of samples that corresponds to one turbospeed cycle can be determined. By means of this number of samples the different turbospeed cycles in the measured data can be placed on top of each other. Interpolation is again used in this step. ♦ For each sample in the summed average turbospeed cycle the average value is calculated to finally obtain the average turbospeed cycle. ♦ For checking purposes the standard deviation for each sample in the average turbospeed cycle is determined too. The values of the standard deviations compared to the values for the turbospeed use to be sufficiently low. 6 Low-pass filter and shift the average turbospeed cycle data ♦ The average turbospeed cycle data is low-pass filtered, because the acceleration power curve that is derived from it will be very noisy otherwise. ♦ The average turbospeed cycle data is also shifted to its expected location. This was necessary, because the algorithm written to calculate the average turbo cycle obviously did not work satisfactory. For some reason the average curve was shifted some crankangles to the left compared to the first cycle that was measured. The result was that the first peak in the acceleration power curve could be found before the peak in the turbine inlet pressure curve. This is physically not possible and must be due to an error in the algorithm. After some attempts the result was not better and it was decided to shift the curve to the expected location. This location was calculated from the assumption that the delay between the pressure and the acceleration power is caused by the time it takes for the mean flow to reach the rotor [25]. 7 Output and storing procedures ♦ The x-axis originally has a milliseconds scale. For comparing purposes and for the turbine efficiency calculations a crankangle scale is more convenient. So, the scale of the x-axis is changed to a crankangle scale. ♦ After this the resulting average turbospeed cycle data are saved to disk.
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Appendix 3: turbospeed measurements 1 Introduction Several methods are available for measuring the revolutionspeed of a turbocharger, such as methods based on inductive, eddy-current and optical measuring techniques. An investigation of these methods is presented in [15], which describes a Final Thesis to determine transient turbospeed for a diesel engine turbocharger at KTH. In this work a method using optical fibres was chosen and the necessary preparations are described: a special metal probe was produced in which two optical fibres were glued with a high-temperature-resistant glue, electronics were build to transform the light signal into a signal that could be stored in an ordinary PC with a special card, a software program for starting the measurements and storing the data was written and the compressor house of the turbocharger was prepared for mounting the fibre probe. Because the special hard- and software had been developed at KTH in the past and knowledge was gained of using the optical sensor for measuring on the diesel engine turbocharger, this method is used in this work too. Another important argument was that SAAB uses specially designed optical sensors from turbo supplier Mitsubishi and that these could be used in this work. All optical sensors that were available consist of an amplifier unit and two optical fibres glued in a metal probe, as was described above. One of the fibres is sending light onto the compressorblades, while the other one is used to transfer reflected light to the amplifier. Different amplifiers are available. Some of them produce a voltage spike in case a certain threshold is passed, while other ones produce a high or low voltage level according to whether or not the threshold is passed. The output signal from the amplifier is used as input for a computer card that can calculate the time between the signals. This is done by means of a 16-bit clock that is counting down with a speed of 20 MHz.



Figure A3.1 Equipment used for turbospeed measurements SAAB uses their sensors to determine the turbospeed by painting halve of the compressor nut black with special pigment paint. The mounting of the fibre probe in the compressor house for this method is shown in figure A3.1. It is favoured to measure the compressorblades instead of the turbine blades, because the temperature and the soiling rate in the turbine house are much higher than on the compressor side. Because the light is reflected during the period that the non-painted halve passes the light source, one pulse is generated during one revolution. It can be calculated from the possible engine- and turbospeed ranges that this corresponds to 4 till 20 measured values for every pressure pulse that comes from one of the 4 cylinders in the engine. Because it is expected that the turbospeed plotted versus time will have the same pulse behaviour, only four values might be too less to plot an accurate curve. So, the disadvantage of this method is that, especially with low turbospeed, only few data are generated during a certain time interval
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Determination of the on-engine turbine efficiency of an automotive turbocharger Because all the necessary equipment was available early in the project the method with the painted compressor nut was used first. Because problems occurred the next paragraph deals with a description of the problems. 2 Problems and limitations with the compressor nut method The main problem is that the calculated turbospeed variations as a function of time do not correspond to the expectations based upon the pressure pulses in the exhaust manifold. More detailed information about this will be given further on, where the results of two different engine runs are described.
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Figure A3.2 Exploded view of mounting of the fibre probe for measuring on compressor nut 1 = Fibre probe, 2 = Compressor housing, 3 = Compressor nut, 4 = Compressorwheel Next to the sensors supplied by Mitsubishi, SAAB bought a new Sensor from Omron. Because this sensor has adjustable sensitivity it was favoured above the Mitsubishi sensors and used in the work. The sensor can measure signals with a time interval of 200 µs (compared to 100 µs for the Mitsubishisensors). This means that the amplifier can handle a maximum turbospeed of 300 000 rpm (with one signal per revolution). The minimum turbospeed that can be measured is limited by the computer card. Problems will occur when the 16-bit clock (216 = 65536) is counted down more than once during the time-interval between two pulses. The minimum turbospeed for this method with one signal per revolution is circa 18000 rpm. The turbospeed measurements with the method of measuring on the compressor nut were not satisfactory. The turbospeed graphs did not show the expected behaviour corresponding to the pulsating exhaust flow into the turbine. Possible causes for this are described underneath. 3 Possible causes for the problems: •



•



The probe with the fibres is measuring on a nut with a very small diameter. Vibrations of the compressorwheel (due to the movements within the radial clearance) might influence the reflection of light. Measuring on a larger diameter e.g. on the tip of the compressorblades would make this error smaller. The change from black to white might not be sharp. Because the paint is brought onto the nut manually there might not be a sharp border between the black and white region. This may lead to the fact that the moment at which the amount of reflected light becomes higher than the threshold is fluctuating for different revolutions. When the reflected light on the compressorblades would be measured very sharp edges are defined.
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4 Possible solutions From these possible causes for the problems with the measuring on the compressor nut it was decided that an attempt would be done to measure on the compressorblades. This should solve the problems described above, because the diameter at which is measured is increased and the blade tips form a sharp defined area at which light can reflect. Experience with measuring on the blades was already gained in the past during the Final Thesis described above. The main difference with that work is that the diesel engine turbocharger has thicker blades, which reflect more light. This will decrease the problem of missing blades at high turbospeed when the sensor picks up insufficient light. A strong advantage of measuring on the blades instead of the compressor nut is that more than one pulse per revolution is generated in the first case. This means that the turbospeed curve can be drawn more accurately, because more measured data are available for a certain time interval. It might also be possible to introduce more pulses per revolution by measuring on the compressorblades or by changing the compressor nut (e.g. by using more than one change from black to white paint). These methods were not investigated. The first problem that had to be solved was to find a suitable location to drill a hole for the fibre probe through the compressor house without damaging the scroll. After cutting a pie-part out of a compressor house it turned out to be possible to both reach the 6 splitter blades as well as the 12 blades directly under the scroll (6 major blades plus splitter 6 blades). Because measuring on 12 blades is more accurate, a new compressor house was prepared for these measurements.
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Figure A3.3 Exploded view of mounting of the fibre probe for measuring with12 blades. 1 = Fibre probe, 2 = Compressor housing, 3 = Compressor nut, 4 = Compressorwheel The new method generates 12 times as much signals per revolution as the former method. This means in the same time that the time between two signals becomes much smaller. The result of this is that at very high turbospeed the signal interval becomes too small for some of the sensors available. The amplifier that was build on KTH is though fast enough to cover the whole range of possible turbospeeds for measuring on 12 blades. The other sensors can only be used to measure turbospeeds up to a certain maximum value that depends upon the characteristics of the specific sensor.



- 56 -



Determination of the on-engine turbine efficiency of an automotive turbocharger



5 Results for measuring on twelve blades Measurements with a fast sensor build on KTH An example of a turbospeed measurement with a fast sensor that was built on KTH can be seen in figure A3.4. Twelve successive data points correspond to one revolution of the compressorwheel. It can be seen that the turbospeed is fluctuating in time. Because the angle between the 12 blades is not exactly 30°, the measured data has to be corrected for this. The software is able to determine the division of the blades and can therefore account for the slightly non-symmetrical compressorwheel. Next to this the software is able to estimate the amount of missing blades and extra blades in the stored measurement data. Usually 10.000 till 32.000 data points were stored and when the measurement is well no missing or extra points are detected. If the measurement on the other hand is unstable hundreds or thousands of points are usually missing. The phenomena that cause instable measurements are described below.
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Figure A3.4 Turbospeed versus time The total amplitude related to the average value of the corrected turbospeed of figure A3.4 is 76000 − 75000 x 100% = 1,3% . In the figure the turbospeed for circa one engine cycle is shown. The 75500 four large fluctuations correspond to the four flows of exhaust from the four cylinders. 6 Causes for problems with turbospeed measurements As was described above, turbospeed measurements might work without errors or might show unreliable results. Because much time and effort was put into solving problems with the turbospeed measurements the problems that occurred and the phenomena causing them will be described below. • • • •



Soiling of the compressorblades Positioning of the fibre probe Electronics of the amplifier Soiling of the face of the fibre probe
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Determination of the on-engine turbine efficiency of an automotive turbocharger Soiling of the compressorblades One of the main disadvantages of using an optical sensor in a hostile environment such as a SI engine, is that dirt, oil and soot cause problems, because more light will be reflected from a polished and white surface than from a dirty and rough surface. Under normal circumstances the soiling of the compressorwheel should be very little, because mainly filtered air is passing it. Next to this two circulation flows have to be taken into account. The first is the so-called crankcase ventilation, which leads gases from the crankcase back to the compressor inlet. In the past the crankcase gases were spilled to the surroundings, but this is not allowed nowadays by emission legislation. The second circulation flow is the by-pass valve. This valve can be using during de-acceleration, when the throttle closes and the compressor does not need to deliver much boost energy. When the turbo wheel still has a high speed and tends to deliver much boost energy, the by-pass valve is opened. The result of this is that the pressurised air from the compressor outlet is circulated to the compressor inlet. To prevent soiling of the compressorwheel and because it would not influence the behaviour of the test engine much, these two circulation flows were disconnected. Soiling might also be caused by oil leakage from the bearing house. This can only happen in extreme case when the pressure in the compressor scroll is lower than the pressure in the bearing house or when the sealing between the compressor and the bearing house is erroneous. This was probably also the case during this Thesis, because soiling of the compressorwheel was already encountered after very short runtime of the engine, while the by-pass valve and the crankcase ventilation were disconnected. After changing the complete turbocharger, the engine could be run for days without soiling problems. It has to be noted that the compressorblades of both turbochargers were polished with very fine grinding paper, which has shown to contribute heavily to successful measurements. Next to this soil was removed with a cleaning liquid. Positioning of the fibre probe From the Thesis that dealt with the turbospeed measurement of the diesel turbocharger it was obtained that two millimetre should be the optimal distance from the face of the fibre probe to the compressorblades for the optical sensor that had been build on KTH. This is why the compressor houses used for the measurements were prepared for this: first a hole with a diameter of 2 mm was drilled all the way through the compressor house. After this a hole of 3,2 mm (outside diameter of the fibre probes used was 3 or 3,2 mm) was drilled into the housing till circa 2 mm from the end. It has to be noted that the distance from the face of the probe till the blades is not 2 mm, but is smaller. As a result of the fact that the 3,2 mm hole was not drilled all the way through the housing, the compressorblades are prevented from colliding with the fibre probe. Because it turned out to be hard to position the fibre probe at a certain amount of millimetres from the compressorblades, the influence of the level of the probe on the turbospeed measurements was not investigated. Next to the distance from the probe to the blades, the angular position of the probe is important, because this determines the alignment of the two fibres to the direction of the blade tip. It should be best if the fibres are aligned in the same direction of the blade tip, because in this case most light will be reflected and picked up. Because it is hard to determine the alignment of the fibres relative to the blade tip from outside the compressor house no exact scaling was development for reading-off the alignment. It was nevertheless observed by mounting the fibre probe at five different angular positions that the maximum turbospeed that could be measured well, differed 20.000-30.000 rpm from the best till the worst case. So, it can be concluded that the angular position influences the turbospeed. Because changes in the electronics, however, turned out to have a much larger contribute to the turbospeed measurements in this stage where speeds up till circa 70.000 rpm could be measured, most of the time was spent with this. Nevertheless, the positioning of the fibre probe might deserve more attention when changes in the electronics no longer seem to further improve the measurements.
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Determination of the on-engine turbine efficiency of an automotive turbocharger Electronics of the amplifier Many small changes were done in the electronic equipment that originally was used for the turbospeed measurements on the diesel turbocharger. Only the main changes that strongly improved the turbospeed measurements will be described here: • •



Reading out the signal and threshold level Variable threshold level



To be able to better understand the behaviour of the electronics in the amplifier and to visualise the amount of light picked up by the sensor, the threshold level and the signal after comparison with the threshold level were read out on an oscilloscope. The threshold level is the level that determines whether or not a blade is counted. If the amount of light picked up by the sensor increases, the corresponding voltage signal drops. If the voltage signal drops below the threshold level the blade is counted. In the ideal situation the voltage spikes that correspond to light reflected from a blade should be very large, because this means that the exact positioning of the threshold level is not so important, as long as it is positioned between the voltage levels that correspond to the case when no light is reflected and the case when a blade passes the sensor. Especially at high turbospeeds and with soiling of the blades, the voltage spikes are not so large. This is why the signal is amplified before it is compared with the threshold level. This also leads to an amplification of the noise that is detected for cases in which no light is reflected. Because the electronic system behaves slower when the amplification is increased, not much could be gained from changing the amplification factor. The logical next step was to change the threshold level. This quickly made it possible to measure turbospeeds up till 115.000 rpm. The threshold level is variable and can be adjusted on-distance during engine runs.



Figure A3.5 Voltage-signal before the threshold (upper plot) and the after the threshold. Figure A3.5 shows an example of a plot of the voltage signal before and after the threshold during a turbospeed measurement. It can be seen that the threshold lays somewhere between level 1 and 2, because the fourth peak from the left is not measured and the 10th is. The figure showed that changing the threshold level would improve the measurements. This was confirmed. Soiling of the face of the fibre probe The turbospeed measurements might also be influenced by soiling of the face of the fibre probe. To detect this a system was incorporated in the electronics that were build for the measurements on the diesel turbocharger. If the voltage spikes that corresponds to light reflected on a blade no longer passes a second threshold level a red light instead of a green one was lighted on the amplifier box. It was observed that the measurements on the SI turbocharger can function well although the red light is lit. This is probably due to the different shape of the diesel and SI turbocharger and thus by the amount of light reflected. Furthermore the many changes in the electronics that were done during this Thesis might also contribute to this.
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Determination of the on-engine turbine efficiency of an automotive turbocharger It seems that the soiling of the face of the probe is no large problem. In case the face is properly polished after manufacturing of the probe, the sensor will function for a long time. The manufacturing and polishing of the probe is described more in detail in [15]. Because the optical fibres broke during the project new fibre probes were produced. Because this was a precise work, special instruments and materials were necessary and some changes were done compared to the probes that were manufactured in the diesel project, the process of manufacturing the new probes is described in appendix 4. 7 Results and outlook Eventually, the turbospeed was measured with the modified sensor that was originally build at KTH. Measurements were done for the 12 compressorblades. After this the measurements were compensated for the division errors of the blades. The result was an accurate turbospeed measurement, which clearly showed the influence of an exhaust pulse on the turbospeed (see figure A3.4). After the turbo had been changed that was leaking oil, the recirculation of the crankcase ventilation was removed and the hose from the turbo by-pass valve was disconnected, the turbospeed measurement could be performed perfectly. Cleaning of the blades or the face of the sensor probe was not carried out once. During the final measurements 32000 values were stored without any blade missing for turbospeeds up till 75000 rpm. In literature information about an eddy-current turbospeed sensor was found, which was claimed to be able to measure turbospeeds up till 400 000 rpm. The advantage of this sensor is that soiling of the compressorblades is no longer a problem. The disadvantage is that the sensor has to be positioned on a distance of 0,1 till 0,5 mm from the compressorblades. This might be smaller than the disbalancing of the compressor axis. No time was available in the thesis to try or even install the sensor.
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Appendix 4: Producing new fibre probes After the optical fibres broke in the sensor probe that was manufactured on KTH for the turbospeed measurements on the diesel engine, a new probe had to be made. An investigation was made from the commercially available fibres, but no fibre was found that would be able to stand the rather high temperatures in the compressor house and that in the same time had the right dimensions to be mounted in the compressor house. Next to this, the probe from the earlier thesis [15] had very small fibres compared to the other sensors that were available for this work. The advantage of this is that the area in which the fibres are positioned at the face of the probe is rather small relative to the dimensions of the blade tip compared to the other sensors. The two optical fibres were re-used, because the parts that were intact were still long enough. An advantage of re-using the fibres was also that the special SMA-connectors on the end of the fibres still could be used. These make an easy connection of the fibres and the amplifier box possible. The different parts that were re-used or purchased are: Table A4.1 Parts for manufacturing the fibre probe and the suppliers Part



Details



Metal probes Metal probes



Din = 2 mm and Dout = 3mm. Din = 1.2 mm and Dout = 2mm. HCP-M0400T-08-C01US including protective hose and SMA contacts Fibrestrip FS-1-430 The two-component glue is called 353ND and can stand 200°C and 300-400°C for several hours



Glass fibres Fibrestripper High-temperature resistant glue Teflon detail



Supplier



Fibre core is 400µm and has cladding layer till circa 730µm. Glass fibres of SpecTran to be ordered from Ericsson Electric Services 08-7575100 Also ordered from Ericsson Glue was provided by Macro Bonding (08-7700050) (When I got the glue the name was Micro Joining AB and the number 08-55659590). Was made in the workshop at Internal Combustion Engines



The different steps taken to manufacture the sensor were: 1. After removing the protecting hose around the fibres over circa 10 cm, the buffer of both fibres was stripped from the end of the fibres over a length of circa 3 cm. As a result of this only the glass fibre core is left and the diameter is decreased from circa 600 micrometer till circa 400 micrometer. 2. The metal probe of 3,2 mm is cut at the favourable length (5 till 10 cm) and the inner tube of 2 mm outside diameter is cut at a length of circa 5 mm. 3. The two fibres are glued together with ordinary glue to assure that the two fibres lay against each other when they are glued into the probe later on in the process. 4. The Teflon-detail is mounted on the end of the 3,2 mm probe and the fibres are pulled through the probe. After this a shrink-hose was used to form a rather tight connection between the two protective hoses containing the precious fibres and the Teflon-detail. 5. The high-temperature-resistant glue is injected into the probe by injecting it into the Teflon-detail. After this the probe is heated for curing the glue. 6. The fibres sticking out of the face of the probe are cut off and the face is polished. This was done at the Department of Metallurgy at KTH. Four kinds of grind papers on rotating tables were used in successive steps to polish the face of the probe. Other contacts for glass fibres: ♦ Jan Ahlbäck (08-6362620) at Carlberg & Son (08-7315710), who directed me to Ericsson for the fibres. ♦ Omron (provided e.g. the Omron optical sensors, but did not sell the specific fibre and connection. They sell fibres with their own connections. ♦ Contrinex. They did not sell the specific fibre and connection. They sell fibres with their own connections ♦ TeknoOptik 08-6801130 ♦ Gritek HB 08-242312 who delivers products from WaveOptics in USA.
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Appendix 5: Evaluation of instantaneous pressure measurements Because the instantaneous pressure at the turbine outlet and inlet form input parameters for the calculation of the instantaneous turbine efficiency, it is important that the delay between the actual pressure at the turbine inlet and the measured pressure is as small as possible. At the start of this thesis pressure transducers were installed that were hanging in a rack above the engine. By means of a long and thin hose the transducers were connected with the measuring location. During the thesis watercooled transducers from Kistler were used that were directly mounted into the exhaustmanifold and in the exhaust pipe at the turbine outlet. Measurements showed a delay between the water-cooled and the ‘ordinary transducers’ due to the long hose. Furthermore, the fluctuations of the pressure curve measured by the transducers with the long hoses turned out to be much larger than those of the watercooled transducers. This is probably due to the small diameter of the tubes. These results were both found for measurements at the turbine inlet and outlet. Attempts were done to increase the diameter of the tube from 6mm to 8mm and to decrease the length from more than 1 meter to circa 0,5m. After the changes the curves from the transducers with the long hose nevertheless still showed large differences with the curves of the water-cooled transducers. Com parison of P1T w ith short and long hose and w ith w atercooled sockets Enginespeed 3320 rpm load 150 Nm 2,7 2,5 2,3



Pressure (bar)



2,1 P1T short hose



1,9



P1T long hose 1,7



P1T w atercool.



1,5 1,3 1,1 0,9 -200



-100



0



100



200



300



400



500



Crankangle



Figure A5.1 Comparison between pressure measured with long hose, short hose and with water-cooled socket Figure A5.1 shows an example of two different measurements with the same speed and load. The turbine inlet pressure in one measurement is measured with the short hose of circa 0,5m, while in the other measurement a hose of circa 1 meter was used. In both measurements pressure was also measured with a water-cooled pressure transducer. Because the two water-cooled transducers gave the same curve only one curve is plotted in figure A5.1. It can be seen that the delay for the shorter hose is smaller, but the fluctuations are even larger.
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Determination of the on-engine turbine efficiency of an automotive turbocharger A second case is shown in figure A5.2. Measurements at the turbine inlet and outlet are shown for the water-cooled transducer and the short hose. The hose is called long hose in the figure, because it is still long compared to the water-cooled transducer. Comparison between measurements with hose and with water-cooled sensor Enginespeed 1800 rpm and load 150 Nm 2,3
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Comparison between measurements with hose and with water-cooled sensor Enginespeed 1800 rpm and load 150 Nm 1,25
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Figure A5.2 Comparison between pressure measurement at the turbine inlet P1T and outlet P2T with hose and with water-cooled transducer
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the groups and the hypercomplex systems and on the ergodic theory. He is brought ... The subjects are collected by the school administration, communicated to ...










 








Modeling of wind turbine noise sources and propagation in the 

generated aerodynamically, namely turbulent inflow noise, trailing edge ... are used first, then wind shear and atmospheric turbulence effects obtained from ...
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