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Abstract

:

To increase the efficiency of a natural gas engine, the use of a Miller camshaft was analysed. To avoid a decline in the low-end torque and also in the transient response, a pressure wave supercharger (Comprex™) was compared to the conventional single-stage turbocharger. The analyses for this conceptual comparison were performed experimentally, and the data were then used to run simulations of driving cycles for light commercial vehicles. A torque increase of 49% resulted at 1250 rpm when the Comprex™ was used in combination with a Miller camshaft. Despite the Miller camshaft, the Comprex™ transient response was still faster than the turbocharged engine. Using the same camshaft, the turbocharged engine took 2.5-times as long to reach the same torque. Water injection was used to increase the peak power output while respecting the temperature limitations. As the Comprex™ enables engine braking by design, we show that the use of friction brakes was reduced by two-thirds. Finally, a six-times faster catalyst warmup and an up to 90    °  C higher exhaust gas temperature at the three-way catalytic converter added to the benefits of using the Comprex™ supercharger. The known drawbacks of the Comprex™ superchargers were solved due to a complete redesign of the machine, which is described in detail.
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1. Introduction


The Pressure Wave Supercharger (PWS) is one possibility besides the turbocharger and compressor to supercharge a combustion engine. The PWS has been used to supercharge diesel engines since the 1940s. At that time, the Brown Boveri Company (BBC) in Baden Switzerland started producing a PWS, the so-called Comprex™(Comprex is now a trademark of the Antrova AG subsidiary 3 prex AG, Switzerland). PWS applications were first developed in the 1940s as additional stages for locomotive gas turbines by the BBC. Between 1947 and 1955, the ITE Circuit Breaker & Co in the USA under the leadership of the BBC produced units and successfully tested them on diesel engines [1]. The machine itself is therefore much more recent than the turbocharger, which has now existed for 116 years [2]. Eisele [3] detailed how a PWS was used in a passenger car diesel engine in order to overcome the lower specific power from which diesel engines suffered at that time. The PWS was used at former GM subsidiary Opel and by Mazda with 150,000 cars. It was also used on free-running machines [4] without a belt drive. The disadvantage of these rotors, which are driven only by exhaust gas, is that a special air valve is required for starting and that the speed can never be optimally adjusted, especially since the rotor must be braked from a certain operating point, because the rotor speed should not become too fast. This point will be exceeded relatively soon at today’s level of supercharging with much exhaust gas energy.



With an electric drive motor, however, this effect can be used to feed back electricity to the battery. Although the concept seems older, it promises great advantages for combustion engines today, and it was almost used as an electrically powered version (Hybrid Comprex (Hyprex)) in the Mercedes AMG A45 in 2012.



Many investigations have recently been carried out on this PWS; see [5,6,7,8,9,10,11]. Despite the various possibilities and many advantages for the downsizing concept [7,12,13,14], the PWS has so far not been able to assert itself due to cost reasons in the manufacturing of the cell rotor and the “old design” problems.



In general, the main advantages of a pressure wave supercharging system compared to a conventional turbocharging system are:




	
Fast boost pressure response (enables downsizing and Miller timing);



	
High boost pressure at low engine speed (enables of downsizing and Miller timing);



	
The PWS compensates operational height without overspeeding;



	
There is no surge limit present in the PWS;



	
External high-pressure EGR can be realized simply by adding an additional throttle actuator;



	
No (costly) compressor and turbine maps are required, and physical 1D simulation is possible (e.g., GT suite or AVL Boost);



	
Live-time lubricated bearings, no impact on engine oil, no blow by and no thrust bearing needed;



	
The absence of oil leakages into the intake or exhaust system;



	
Any mounting position is possible (no limitation due to oil leakages);



	
No danger of oil coking;



	
Quick catalyst light-off and lower emissions since the catalytic converter must be placed between the engine and the PWS;



	
Low tailpipe exhaust gas temperatures due to scavenging in the rotor;



	
The PWS already absorbs the engine noise, and there are lower space and weight requirements for the exhaust silencer.








Besides these numerous advantages, previous applications also suffered from several disadvantages such as cold start and reliability:




	
The need for a small pressure drop on the low-pressure part of the intake and exhaust system, respectively;



	
The cold-start behaviour of the PWS is difficult due to leakages in the exhaust gas flow;



	
High exhaust gas temperatures lead to the deformation of the exhaust gas-side PWS housing and possibly to a jammed rotor;



	
Not state-of-the-art.








Thanks to a new concept that was presented in [15], which is further analysed in this study, the cold-start problems, as well as the problem of jammed rotors can be avoided. Furthermore, the design/matching was performed only in the simulation for a given engine, and the charger fit the given engine/given criteria well.



Besides these mentioned advantages and disadvantages of the system, publications often dealt with the control of the PWS, such as [9,16,17], or the design of pressure wave superchargers without the use of 3D CFD or 1D simulations [11]. However, the design schemes are typically compared to 3D CFD code, as, e.g., in [18], and some authors optically measured the velocity field, as well as the shape of the contact surface between the two media in the rotor cells [19].



In this study, a conceptual comparison was carried out, touching on a number of topics that are affected when a PWS is used instead of a turbocharger to give an overview of the numerous areas of improvement. The new Comprex concept was analysed experimentally in combination with a light commercial vehicle natural gas engine. This study is intended to give the reader a comparison with a conventional turbocharged system on a wide range of topics that are impacted by the adaptation of this boosting device. The results described here span from the full-load operation to the part-load efficiency analysis, transient operation, fuel consumption in driving cycles and the impacts on the exhaust gas aftertreatment in steady-state and cold-start conditions.




2. Experimental Setup


Experiments were performed on a FPT F1C engine with four cylinders and a displacement of 3.0 litres with an increased compression ratio of 16.5. The engine was operated with port-fuel-injected natural gas (CNG) and was controlled to stoichiometric conditions. Table 1 gives an overview of the experimental setup. In order to assess the possibilities to increase its efficiency, the engine had an increased compression ratio, and there was the option to use a camshaft with early intake valve closing (Miller valve timing) instead of the conventional camshaft.



The engine was operated using natural gas from the Swiss gas grid, and the gas was analysed using a gas chromatograph (Siemens MicroSAM). Table 2 summarizes the main components and characteristics of the fuel.



Crank angle-based and time-based data were recorded with a Kistler KiBox and the test bench automation system SRH STARS, respectively. The temperatures and pressures were measured at various locations along the intake and exhaust gas flow path, respectively, and, especially, upstream and downstream each catalytic converter and component of the charging devices. The emissions measurement equipment can analyse the exhaust gas upstream and downstream each catalytic converter.



The boosting device and the intake camshaft can be changed and allow the analysis of the performance of the engine with all combinations thereof. Figure 1 shows a photograph of the test bench with the Comprex supercharger installed.




3. The Comprex Pressure Wave Supercharger


The pressure wave supercharger that was used in this research is shown schematically in Figure 2. The low-pressure side consisted of Channels 1 and 4, whereas the high-pressure side consisted of Channels 2 and 3, respectively.



In pressure wave superchargers, the pressure energy is transferred from the exhaust to the intake side by bringing the two fluids into direct contact for a very short time in long, thin channels. These channels are the so-called rotor cells and are hinted at in the form of grey rectangles in Figure 2. Pressure wave machines use the physical principle that after two media of different pressures are brought into contact, the pressure equalization takes place faster than the mixing of the fluids. In case of the Comprex, the mixing of exhaust gas and fresh air hardly takes place due to the different fluids’ densities.



The pressure wave process can basically be divided into two phases: the high-pressure and the low-pressure process. In the high-pressure process, the exhaust gas enthalpy in Channel 3 is used to compress the fresh gas flowing into Channel 2. Part of the enthalpy of the exhaust gas can be passed through the gas pocket, which reduces the pressure in Channel 3 and, therefore, the compression of the fresh gas in Channel 2. In doing so, the pressure in the rotor cells is increased shortly before the start of the low-pressure cycle, which improves the scavenging in the low-pressure process. The aim of the low-pressure process is to purge the rotor cells, which are filled with exhaust gas in the direction of Channel 4 and to fill them with fresh air from Channel 1. Therefore, Channel 4 is not only filled with exhaust gases, but also with fresh air, which is compressed in the high-pressure process, but does not flow into Channel 2. The temperatures of the tailpipe exhaust gas are lower compared to a turbocharged engine due to this scavenging process.



The channels (Channel 3, gas pocket, Channel 4, Channel 1 and Channel 2) were all open towards the rotor. Seen from a rotor cell, certain closing and opening angles must be observed so that the timing for the gas dynamics is correct, otherwise the PWS will not work [20]. The channels were also subject to certain inflow and outflow incidence angles during the transition between the rotor and housings, which should not become too large. The channels were not directed towards the rotor with a 90   °   angle, as shown in Figure 2. The width of the channels was not chosen arbitrarily due to reasons of noise. If designed appropriately, there would be no need for an exhaust muffler [15].



It must be noted that the schematic shown in Figure 2 only shows half of the Comprex. In reality, what is shown in the schematic is only one “cycle”, and and the machine contained two cycles shifted by 180   °   around the circumference. There were two gas pocket valves, which could be operated continually and independently from one another with a stepper motor for each valve.



This was the first main difference from previous Comprex designs as this two-cycle design provided the ability to turn off one of the two gas dynamic cycles by closing one of the gas pocket valves completely such that this Comprex functioned as a sequential charging system with VTG turbines. With the old concept, both cycles were always applied, which had an unfavourable influence on the gas dynamics for small mass flows. A possible countermeasure would be the adaptation of the air-side control edges by rotating the air-side housing. This was realized either by turning the entire air-side housing or by means of a round plate with the control edges inside the air housing. It was inevitable that these solutions involved further losses such as secondary flows behind the plate or unfavourable flow conditions between the rotatable plate and the air housing. There were no such losses when one cycle was switched off and one cycle ran with twice the mass flow. For this reason, the elaborate twisting of the control edges was dispensed with in the new concept (see also [15,21]), and the housing angle that used can be determined in advance by simulation or readjusted based on experimental results. When switching off one cycle, it is important to note that the rotor speed must be kept at the same level that exists with twice as much throughput running with both cycles. Therefore, the supercharger can be operated at approximately the same speed level across a wide range of engine speeds.



The second and third main difference compared to previous Comprex designs were the bearing concept and rotor design. These differences are shown schematically in Figure 3. The new concept (right) provided a double-walled aluminium exhaust gas housing, which was cooled by the engine cooling circuit. In this housing, the temperature was low enough such that a bearing could be installed on the exhaust side of the machine.



This is in contrast to the old concept (left) in which a spindle bearing was used on the fresh gas side only since no bearing could be accommodated in the exhaust gas housing, which was up to 1000    °  C. The spindle bearing could not be encapsulated, which led to the fact that hot exhaust gas blew the grease out of the bearings, which subsequently failed. With the new concept, this is no longer possible. Hot exhaust gas cannot flow through the bearings as the bearings themselves were fully encapsulated.



In the old concept, the gap at the exhaust gas side had to be rather large when the rotor was cold in order to provide sufficient space for thermal elongation of the rotor. Especially with gasoline and CNG engines with high exhaust gas temperatures, the rotor needed a rather large gap between the exhaust housing and the rotor in the cold state in order to avoid rotor jamming when the machine was at operating temperature. This was of great disadvantage in the cold-start phase since the exhaust gas could flow past the rotor directly from Channel 3 to Channel 4 and, therefore, hardly perform any work. Large gaps between the rotor and the housing led to lower efficiency as the efficiency decreased exponentially with increasing gaps. Small rotor-housing gaps are necessary to ensure that the PWS functions properly [20]. Besides cold-start conditions, the PWS did not work as well, as long as the exhaust gas temperature stayed under a certain level with the old concept.



The new bearing concept enabled the use of a two-part rotor that was divided at its centre. With this new concept, the gaps between the rotor and housing always remained small regardless of the rotor temperature, whereas the central gap decreased and practically closed in operation as the rotor temperature increased. This constant gap between the rotor and housing resulted in the elimination of the cold-start and low-temperature problems. The gap in the middle was different regarding its influence on the system. If one looks at the state variable from cell to cell in the middle gap, they were very similar and only slightly delayed (0.1389 ms, at 12,000 rpm with 36 cells). The pressure drops were small across the flow direction, and there was also no possibility that exhaust gas or air could flow directly into the respective low-pressure process. The quantity of flow coming out of one cell flowing into the next cell was not lost. There was only a small exchange (shift) from cell to cell. In the overall balance, the rotor area was therefore quite dense, although it was not made from one piece.



The fourth main difference resulted from the fact that both gas pocket valves and Channel 3 could be closed entirely in motored operation, which could be used to increase the exhaust backpressure and reduce the engine mass flow. This was what enabled a continually adjustable engine brake capability, which at the same time helped avoid a cool down of the catalyst.



The main improvements of the new Comprex concept can be summarised as:




	
Performance of a sequential charging system resulting from the possibility of turning off one of the two gas dynamic cycles;



	
The use of two encapsulated, maintenance-free bearings was enabled by using a water-cooled exhaust gas housing;



	
A split rotor design that eliminated cold-start problems by enabling small rotor–housing gaps at all operating temperatures;



	
Continually adjustable engine braking capability by closing all exhaust gas channels.








In the following sections, the operation of the Comprex is optimised and put to the test in various operating conditions.




4. Engine Operation with a Comprex Supercharger


For the load control of an engine equipped with this boosting device, there are four independent control inputs: rotor speed, throttle position and both gas pocket valve angles.



Below naturally aspirated full load—as for turbocharged engines—the throttle is used to control the intake manifold pressure. When boost pressure is required, the gas pocket(s) must be closed in order to increase the backpressure and, hence, enable stronger pressure waves that will in turn increase the pressure in Channel 2. The boost pressure can be controlled continually by changing the closed-off cross-section of the gas pocket(s). At low engine speeds, one gas pocket valve is closed completely, forcing all the exhaust gas through half the machine, whereas at higher engine speeds, both gas pocket valve angles are the same. At low engine loads, the gas pocket valve angle can also be chosen to open the wastegate cross-section, allowing the fluid to bypass the machine, further reducing the backpressure. The load control is thus very similar to an engine equipped with sequential turbocharging.



The rotor speed of the Comprex, however, can be chosen freely and has an impact on the steady-state operating conditions. In the following, this impact of the rotor speed is analysed at a low-load and at a high-load operating point.



For a low engine load, the results are shown in Figure 4. The gas pocket valve angles were controlled to lead to a wastegate opening where the pressure downstream the Comprex p   2   was equal to 1 bar. When the rotor speed was increased, the rotor power, the exhaust gas backpressure and the EGR rate all increased. The temperature T   2  , which was measured after compression on the fresh air side, decreased initially, but then increased with increasing EGR rate. However, the differences were small. Given that a high exhaust manifold backpressure and a high rotor power should be avoided to achieve a higher brake efficiency, a rather low speed should be chosen.



For a high engine load, the results are shown in Figure 5. At high engine loads, the resulting EGR rate remained low for all chosen rotor speeds. The trend for the rotor power was the same as for the low-load operating point, and it increases with increasing speed.



There were, however, more significant changes to the exhaust gas backpressure and the temperature   T 2  . The boost pressure remained almost constant as it was controlled to keep the engine torque at a constant 400 Nm (16.8 bar brake mean effective pressure) for all measurements. The exhaust manifold backpressure, on the other hand, changed by approximately 0.1 bar and had a minimum between a rotor speed of 10,000 and 11,000 rpm. The temperature   T 2   was lowest where the scavenging of the rotor was highest. A reduced scavenging at a too low or too high rotor speed led to a reduced cooling of the rotor, which led to an increase in   T 2  .



Notice that there was a rather wide operating range possible for the low-load and also for the high-load operating point. This means that if the rotor speed were temporarily different from the optimal steady-state value, as may be the case during transients, this was not a limiting factor for the operation. For the two operating points at 2250 rpm that were analysed here, rotor speeds of 8500 rpm and 10,500 rpm were chosen for 50 Nm and 400 Nm, respectively. It must be kept in mind that during transient operation, this difference in rotational speed must be overcome, and therefore, the rotor speed at high load also had an impact on the selection of the rotor speed at low load.



At other engine speeds, the trend for the EGR rate and tradeoffs (rotor speed vs.   T 2   and   p 3  ) were basically the same regardless of the fact that at 1250 rpm, the Comprex was operated with one cycle rather than two, as for the higher engine speeds.



We performed this analysis at 1250 rpm, 2250 rpm and 3250 rpm and several engine loads and chose the following rotor speed map, which we interpolated/extrapolated for different engine speeds and extrapolated for higher engine loads. We used this speed map for all the following measurements in the entire operation map, at full load, part load, for transient operation, as well as for the analysis of the exhaust gas aftertreatment system.



Figure 6 shows that the difference in rotor speed from 50 Nm to 400 Nm was only 3500 rpm at low engine speeds and lower at higher engine speeds. This was in stark contrast to the use of a turbocharger, where the difference from part load to full load was on the order of several 10,000 rpm instead (depending on the engine size), and the increase resulted from the exhaust gas enthalpy.




5. Results of Steady-State Operation


In this section, steady-state operation results for the turbocharged and the pressure wave supercharged engine are presented. At first, the full load data are shown to motivate the combination of the boosting device and camshaft that will be compared subsequently. Furthermore, the increase of the peak engine power output in the presence of temperature limitations by means of water injection is presented. Thereafter, the part-load engine efficiency is compared. For the engine equipped with the Comprex charger, the engine brake operation is also detailed. Finally, the engine maps are used to calculate the fuel consumption of light duty vehicles of different weights equipped with either of the engines in WLTC driving cycles. For convenience, the configurations are abbreviated as described in Table 3 below.



5.1. Full-Load Operation


The full-load measurements that were carried out to quantify the performance of both charging systems in all configurations CXC, TCC, CXM and TCM, respectively. The engine speed ranged from 1000 rpm to 3500 rpm, and the speed was varied in steps of 250 rpm with the following operating limits:




	
Maximum exhaust gas temperature in exhaust runner 880    °  C;



	
Maximum turbine inlet temperature 900    °  C;



	
Maximum Comprex inlet temperature 950    °  C;



	
Maximum temperature of the TWC 950    °  C;



	
Maximum cylinder head temperature 250    °  C;



	
Maximum in-cylinder pressure 150 bar;



	
Latest centre of combustion 20    °  CA after top dead centre;



	
Knocking should occur in a maximum of 4% of the cycles.








The centre of combustion and the knock criterion were chosen somewhat arbitrarily. This was done in order to not stress the engine too much (knock criterion) as this is an engine for light duty applications that must have a high durability and to ensure comparability between the different measurements (COC).



Figure 7 shows the maximum brake torque that was achieved with the configurations CXC, CXM, TCC and TCM, respectively. At engine speeds above 2500 rpm, the results were similar for all configurations. Both configurations of the turbocharged engines led to results that were practically identical. The CXM configuration resulted in a slightly lower torque because of the slightly higher temperature level of the Comprex compared with the turbocharger. A torque greater than 400 Nm was possible up to 2750 rpm for all configurations, and this was where the maximum cylinder head temperature was first reached. For higher engine speeds, this temperature was also the limiting factor. The engine power output remained constant for each configuration at higher engine speeds, and the torque reduced accordingly. For the turbocharged configurations at low engine speeds, the Miller camshaft led to a significant reduction in low-end torque. Despite the fact that the wastegate was fully closed up to an engine speed of 2250 rpm, only at that engine speed, a torque greater than 400 Nm was first achieved due to a lack of boost pressure at lower engine speeds. While the turbocharged engine with the conventional camshaft surpassed 400 Nm at 1750 rpm, it was significantly outperformed by the Comprex, even when the Miller camshaft was used. In the CXM configuration, 430 Nm was reached at an engine speed of 1250 rpm, and up to engine speeds of 1750 rpm, the Comprex was operated with one cycle. In this configuration, the load control actuator was only in its saturation at 1000 rpm, i.e., there would still be the potential to increase the boost pressure at all other engine speeds. Further data of the most important temperatures and pressures are compared in Figure 8.



The upper plots of Figure 8 show the intake manifold pressure p2,IM and the exhaust pressure p   3  , respectively. Obviously, due to the Miller camshaft, the pressure levels in the case of the CXM concept were much higher. At high engine speeds, when a high brake torque can also be achieved with the TCM configuration, the boost pressure level between the two Miller configurations was similar. At low engine speeds, however, the difference was even larger, since a high torque output can only be reached with the Comprex/Miller configuration. For the TCC concept, the boost pressure was higher than the exhaust gas backpressure up to an engine speed of 2250 rpm, whereas for the CXM configuration, this was the case from 2000 rpm to 3250 rpm. The bottom plots of the temperatures after compression T   2   and in the intake manifold T2,IM showed that in the engine speed range where the boost pressure for both Miller concepts was similar, the temperature after compression   T 2   and the intake manifold temperature   T  2 , IM    were both higher when the Comprex was used. To some extent, the difference may be reduced by optimizing the Comprex rotor speed for all engine speeds and also by further optimization of the Comprex. However, the maximum engine power output only reduced from 124 kW (TCC) to 120 kW (CXM), i.e., a reduction of 3.2%.



To emulate a higher compression efficiency, the intake manifold temperature was reduced from 66    °  C to 42    °  C by adjusting the water mass flow rate of the test bench water/air intercooler. Then, the torque could be increased from 410 Nm to 426 Nm without violating the maximum allowed cylinder head temperature.



These steady-state full-load results showed that the CXM concept outperformed both the TCC and TCM concepts at low engine speeds, but led to a slight reduction in maximum engine power output when the same charge air intercooler was used. Since the turbocharged Miller engine would have a severely impacted drivability and because the desired torque output can be reached with the CXM concept, in the remainder of this paper, mostly the following two configurations are compared:




	
Turbocharger with the conventional camshaft (TCC);



	
Comprex with the Miller camshaft (CXM).









5.2. Increase of the Maximum Engine Power Output


As in all configurations, the cylinder head temperature was the factor that limited the maximum power output, a temperature-reducing measure is presented here. The injection of water is a known measure to reduce the temperature level in an internal combustion engine and also to reduce the knock tendency. The engine was equipped with port fuel water injectors to test the effects of water injection on the engine at full load.



In a measurement series at 3000 rpm/300 Nm, different water/fuel mass ratios were used to analyse the impacts on the combustion. The brake torque was kept constant, while the water/fuel ratio was increased from 0% to 80%. The water was injected at a pressure 5 bar higher than the intake manifold pressure, and the start of injection was right after the intake valve opening angle. The centre of combustion was corrected for each water/fuel ratio, such that the engine operation was at the onset of knock in each measurement.



Figure 9 shows the effect of the water injection on the combustion parameters. The upper left plot shows that with increasing water/fuel ratio, the centre of combustion could be advanced. This was due to the dilution of the mixture with water vapour, which slowed down the combustion and the cooling effect of the water evaporation. The upper right plot shows the inflammation duration, i.e., the duration from the ignition angle until 5% of the mixture was combusted. The flame development phase took significantly longer when a higher water/fuel ratio was used. The bottom left plots shows the heat release rate for the five operating conditions, and the earlier combustion start can be seen in the graph. The figure also shows that the peak heat release rate was lower and the combustion duration increased when more water was present during the combustion. The result of these effects on the combustion was a change in the brake efficiency, which peaked at a water/fuel ratio of 40% and was approximately 0.4% points higher (i.e., the fuel consumption was about 1% lower) compared to the operation with no water injection. For higher water/fuel ratios, the combustion duration became less favourable, and the efficiency reduced again, despite the fact that the centre of combustion was closer to 8    °  CA.



During these measurements, the coefficient of variance of the indicated mean effective pressure reduced from 1.53% without the injection of water to 0.87% at a water/fuel ratio of 80%.



Figure 10 shows the main influence of water injection on relevant temperatures and raw emissions. The upper left plot shows that the exhaust gas temperature T   3  , which was measured at the entry of the turbine housing, reduced significantly with an increased water/fuel ratio. The cylinder head temperature, which was measured between the exhaust valves, also reduced when a higher water/fuel ratio was used. The bottom left plot shows that the reduction in temperature was accompanied by a reduction in the NO   x   raw emissions. However, due to a more incomplete combustion, the raw emissions of hydrocarbons increased. The correlation between temperature NO   x   and hydrocarbon raw emissions was well supported in other previous studies [22,23].



As the cylinder head temperature was the limiting parameter for this particular engine regarding the maximum power output, this showed that there is a potential to increase the power output. However, it is also true in general that CNG engines, which sometimes are derivates of diesel engines, suffer from limits in the operating temperatures, and water injection is an effective measure to reduce/avoid this problem.



To quantify the possible increase in the engine power output, full-load measurements were made at 2750 rpm for the TCC and the CXC concept with water/fuel ratios of 0%, 25% and 50%. The results of these measurements are shown in Figure 11. The centre of combustion remained at the chosen limit of 20    °  CA for all measurements, and the intake manifold pressure was increased until the onset of knock was reached.



The upper left plot shows that the brake torque can be increased by 48 Nm and 47 Nm for the CXC and the TCC concept, respectively. The increased boost pressures led to increasing temperatures on the intake side, as shown in the upper right plot. Despite this increase, the exhaust gas temperature, as well as the cylinder head temperature both reduced, as shown in the bottom plots.



These results showed that an increase in the peak engine power was possible using water injection for both concepts. Just as in the previous section, the turbocharged engine had some advantage due to the lower intake manifold temperatures. It must be noted that allowing a later centre of combustion and/or increasing the water/fuel ratio would leave room for a further increase of the power output until the maximum cylinder head temperature is reached once again.




5.3. Part-Load Operation


To quantify the fuel savings potential that result from the use of a Miller camshaft, measurements were taken in the entire operating range in addition to the full-load measurements shown in the previous subsection. Figure 12 shows the part-load results for the configurations Comprex and Miller camshaft (CXM) and Turbocharger and Conventional Camshaft (TCC), respectively, for an engine speed of 2200 rpm where the load was increased from 50 Nm to 350 Nm in steps of 75 Nm. For the CXM concept, the power required to drive the Comprex was taken into account. By further optimization of the Comprex, this power demand may be reduced, and at several operating points, it was already negative. The engine speed of 2200 rpm was chosen since low/medium speeds are more relevant for daily operation and, at lower engine speeds, the maximum torque of the turbocharged engine was too low for a comparison over the entire load range.



The indicated efficiency and brake efficiency that were reached with both configurations are shown in the top left subplot. Except for the highest load point, there was always an advantage for the CXM configuration in both the indicated and brake efficiency.



One reason for this improvement was the pressure difference between the exhaust gas backpressure   p  3 , EM    and the intake manifold pressure   p  2 , IM   , which is shown in the top right subplot. in the entire load range, the pressure difference was favourable in the case of the CXM configuration.



The two bottom plots of Figure 12 show the centre of combustion and the combustion duration, respectively. While the combustion duration increased slightly in the case of the CXM concept, the centre of combustion was closer to the optimal brake value of 8    °  CA except at the highest load point, where in both cases, 20    °  CA was used. The numerical values for the improvements in the brake efficiency that were achieved with the CXM concept are shown in Table 4.



In addition to these measurements at 2200 rpm, measurements for the operating maps were taken at 1000 rpm, 1600 rpm, 2800 rpm and 3500 rpm. The trends, however, that were shown here were the same for all other engine speeds as well. Except for low engine speeds, where the CXM concept reached much higher brake torque values, it was only the highest load point where the CXM concept had a lower efficiency than the TCC concept. The Miller concept was advantageous at low and medium loads and was enabled by using the Comprex charger.




5.4. Engine Braking


Due to the way the Comprex is designed, an engine braking capability is facilitated without the use of additional components such as an exhaust flap. By closing the gas pocket valve(s) successively, the pressure in the exhaust manifold can be increased, which in turn results in a very low (negative) mean indicated pressure.



The engine braking capability is limited by the maximum permissible backpressure of the exhaust system. This pressure limitation results either from the preload of the exhaust valve springs (the valves may not open unintentionally) or from other pressure limitations of the exhaust components (e.g., expansion joint).



For these measurements, the engine was operated at 50 Nm at three different engine speeds, and then, the fuel injection was cut off. The throttle plate was kept at the same position, and the gas pocket valves were closed successively to increase the exhaust backpressure. Measurements were taken up to a torque <−100 Nm for each engine speed.



Figure 13 shows the results of these measurement series. The left plot shows that there was a linear correlation between the backpressure   p  3 , EM    and the brake torque. Increasing the backpressure also reduced the engine mass flow, which was why the intake manifold pressure   p  2 , IM    slightly increased using the constant throttle position. The right plot shows that these two linearly increasing pressures also resulted in a linearly decreasing Indicated Mean Effective Pressure (IMEP) for each engine speed. These IMEP traces were only offset by the mechanical friction of the engine. During all measurement series, even after several minutes of motored operation, the exhaust gas temperature at the TWC never fell below 180    °  C. This can help to reduce the wear of the mechanical brakes and also to keep the exhaust aftertreatment warm during longer phases of motored operation.




5.5. Fuel Consumption in Driving Cycles


To assess the difference of the resulting fuel consumption in driving cycles of both engine concepts, simulations based on the test bench measurement data were carried out. The driving cycles were simulated with a temporal resolution of one second using a quasi-steady-state framework and both engines were equipped with a stop–start system. The engine cold start and transient engine operation were not included in this framework; however, this type of simulation allowed for a comparison of different concepts.



The main vehicle parameters that were used in the simulation are summarized in Table 5. The driving cycles that are used in the WLTP depend on the power-to-weight ratio of the particular combination of engine and vehicle. Since this engine is used in many different light commercial vehicles that have a maximum weight ranging from 3500 kg up to 7200 kg, it was relevant to assess the fuel consumption for vehicles of all masses.



Therefore, simulations were carried out for vehicle weights of 2750 kg, 5000 kg and 7000 kg, which led to the use of all three of the WLTP’s driving cycles. For each engine and driving cycle, the gear shift strategy was determined individually, resulting in the use of higher gears due to the higher low-end torque when the Comprex Miller concept was used. For the vehicle with the Comprex charged engine, the previously described difference in engine braking capacity was taken into account. Downshifting during braking phases to increase the brake torque was not performed for either vehicle.



The driving cycles, the resulting fuel consumption and the reduction in the use of friction brakes are illustrated in Figure 14. The results showed that, in all three cases, fuel savings can be achieved for the CXM concept. The fuel savings were greater for the heavier vehicles, which resulted from the fact that for these vehicles and driving cycles, the top speed and acceleration were lower. This led to a higher fraction of part-load operating points where the Miller concept had greater efficiency advantages.



These results showed that the use of the Comprex/Miller concept was advantageous for all vehicle weights in terms of fuel consumption and also led to a significant reduction in the energy dissipated in the friction brakes due to the engine braking capacity, which is available with the Comprex supercharger. It must be noted that the gear ratios were not adapted to better match the higher low-end torque of the CXM concept. This may lead to an additional benefit for the CXM concept.





6. Results of Transient Operation


Besides steady-state operation and quasi-steady-state driving cycles, the transient operation is analysed in this section. In general, the use of a Miller camshaft is detrimental to transient operation for two reasons. On the one hand, a lower mass flow results from the early intake valve closing in the wide-open throttle condition, and on the other hand, a higher boost pressure must be reached for the same torque output. However, one property of a Comprex pressure wave supercharger that has been reported frequently [13,17,24] is that a fast increase of the boost pressure is possible, and another property that was already shown in this paper is that it is very possible to reach a high boost pressure. Therefore, to quantify this somewhat unfair comparison between the Comprex supercharger with a Miller camshaft and the turbocharger with a conventional camshaft, load steps were carried out. In order to assess the transient performance over a wide engine speed range, this was performed at 1250 rpm, 1750 rpm, 2250 rpm and 3250 rpm, and the resulting torque trajectories are shown in Figure 15.



Table 6 summarizes the time it took to reach 80% and 90%, respectively, of the desired torque and also the difference between the two concepts.



At 1250 rpm, the difference in the torque trajectories was the largest because the turbocharged engine was only able to reach <300 Nm, while the Comprex provided enough boost pressure for >400 Nm. At this engine speed, it took less than 3 s to reach 85% of the desired torque. During the load step, the Comprex speed increased from 7500 rpm to 11,000 rpm, which required approximately 5 s. This led to significant differences between the steady-state and the instantaneous Comprex speed of up to 2300 rpm. However, as shown with the Comprex speed variations, this simply led to an increased backpressure and increased temperature for several seconds, which is not a problem. At an engine speed of 1750 rpm and 2250 rpm, the response of the turbocharged engine was almost as fast as that of the Comprex. A load step was also carried out with the Comprex and the conventional camshaft at 1750 rpm to assess how significant the disadvantage due to the use of the Miller camshaft was and also to show the potential of the Comprex supercharger. As noted in Table 6, in this case, the time for the torque response of the turbocharged engine was approximately 2.5-times as long as for the Comprex. At 3250 rpm, the torque response of the Comprex was again significantly faster than that of the turbocharged engine. However, the reason in this case was the pneumatic wastegate actuator that was used for the turbocharged engine, which was rather slow. At the other engine speeds, this was not relevant, since the time for those torque buildups was long compared to the time it took to close the wastegate. At high engine speeds, when the torque increase was faster anyway, the dynamics of the wastegate became relevant.



These results showed that the transient behaviour of the engine equipped with the Comprex supercharger was better than that of its turbocharged counterpart, even if a Miller camshaft was used in combination with the Comprex. When the same camshaft was used for both charging devices, the advantage of the Comprex was greater.




7. Results of the Aftertreatment System


Regarding the exhaust aftertreatment system, there are two fundamental differences when a Comprex concept is used. On the one hand, the TWC is placed upstream the boosting device in the high-pressure part of the exhaust system. On the other hand, the OC operates under lean conditions, even if there are stoichiometric conditions at the TWC due to the scavenging of fresh air to the exhaust side. The TWC that was used for this comparison was the same for both concepts, and it was a series production component. The tested turbocharger aftertreatment setup consisted of series production components for both catalytic converters (two-stage TWC), therefore representative of real-life scenarios.



The TWC inlet temperatures and emissions before/after each catalytic converter were measured at various engine operating points across the complete engine map. Additionally, the cold-start behaviour was recorded while the engine warmed up from stand still at a low-load operating point (1000 rpm, 50 Nm and a centre of combustion of 8    °  CA after top dead centre). These measurements were carried out for both concepts under the same conditions.



The first stage/upstream TWC inlet gas temperatures at various operating points are shown in Figure 16a for both the conventional turbocharger setup (temperatures listed in brackets) and Comprex the setup (temperature listed without brackets). Compared to the conventional turbocharger setup, the TWC in the Comprex aftertreatment layout was subjected to exhaust gases of 25 to 90    °  C higher, due to the catalyst mounting location upstream the Comprex. The higher inlet temperature for the catalyst means better conversion rates in the TWC under the same exhaust gas compositions. The TWC in Comprex setup was mounted at the high-pressure side of the charging device, which means that the residence time of hot exhaust gas was longer compared to the conventional setups. The longer residence time, together with the higher temperature affected the catalyst warmup behaviour.



A significantly faster increase of the TWC outlet temperature for the Comprex setup (top plot in Figure 16b) was observed. The CO conversion rate of the first stage/upstream TWC during the cold start is plotted in the bottom plot of Figure 16b. With the Comprex setup, the time to reach 50% conversion of CO was 14.0 seconds, while this time increased to 91.7 seconds with the turbocharger setup (vertical line in Figure 16b). The Comprex setup therefore shortened the light-off time by a factor of six. The authors are aware that this is not a state-of-the-art catalyst warmup strategy. Typically, the centre of combustion is very late during this phase and the fuel energy is used to generate heat in the warmup phase. However, we quantified the difference in this simplified way in order to point out the significant difference in thermal inertia, which is crucial for a fast catalyst warmup regardless of the strategy. A strategy with a late centre of combustion for the Comprex concepts would lead to a very fast catalyst warmup and only be required for a very short period of time, therefore leading to a minimal fuel penalty. As in real-life scenarios, considerable emissions typically result from the cold-start phase [25], the decrease of light-off time with the Comprex setup is a significant advantage in terms of total emissions.



The potential of pollutant conversion of the TWC in the Comprex setup system was further studied with steady-state and dithering measurements under several selected operating conditions (tabulated in Table 7). For dithering measurements, the air-to-fuel ratio oscillated around   λ = 1   at high frequencies. The conversion rates of major species under steady-state and dithering conditions are plotted in Figure 17a. It is clear that in combination with appropriate dithering strategies, the THC conversion rate stayed above 65% and the CO conversion rate above 70%, and the NO   x   was almost 100% converted. Compared to steady operation, dithering strongly enhanced THC conversion and also promoted CO conversion, while the engine-out raw emission for steady and dithering operation was rather similar (Figure 17b). The dithering operation, however, led to a high H   2   concentration after the TWC (Figure 17c), most likely due to the activation of steam reforming over dithering [26]. Both steady and dithering operations resulted in noticeably high concentration of NH   3   after the TWC, which has been reported frequently in research on TWC behaviour under natural gas applications.



As described in the previous section, the special design of the Comprex charging system induces a mixture of fresh air and exhaust gas in Channel 4. The remaining CO, dithering-induced excess H   2   and NH   3   can be removed by oxidation reactions with the additional oxygen in an oxidation catalyst downstream Channel 4. Methane (the main content of the THC in the exhaust) is notoriously difficult to oxidise under lean conditions [27] and was therefore left out of the OC analysis. Figure 18a plots the conversion rates of H   2  , CO and NH   3   at the six operating points tabulated in Table 1. The OC inlet temperature was higher than 150    °  C even at the lowest load point (1000 Nm, 50 Nm), which resulted in nearly 100% conversion of CO and more than 80% conversion of H   2   under dithering operation. NH   3   is hardly converted at this low temperature. Unsurprisingly, the oxidation conversion increased over temperature. NH   3   started to be oxidized at above 200    °  C and reached more than an 80% conversion rate at around 230    °  C with dithering. The same dithering strategy was also implemented on the turbocharger aftertreatment setup at the same engine operating conditions, which consisted of a second-stage TWC instead of the oxidation catalyst in the Comprex setup. Oxygen was completely consumed in the first stage of the TWC (not shown). Without additional oxygen, the oxidation pathways of the remaining pollutants were blocked. As a result, a significant amount of CO, H   2   and NH   3   was detected at the tailpipe.



The oxidation catalyst used on the Comprex system is a Pt catalyst, typically used in diesel applications. Even though a Pt-only catalyst is excellent at oxidizing CO, the oxidation of NH3 with Pt results in undesired products. Figure 18b plots the N   2  O concentration at the outlet of the OC and shows that a noticeable amount of N   2  O was formed during NH   3   oxidation. The results suggest that further investigations into alternative catalyst formation are needed to increase the selectivity toward N   2   during NH   3   oxidation. Nevertheless, the unique layout of the ATS system enabled by the Comprex setup exhibited various advantages over the traditional turbocharger setup. In combination with the targeted dithering strategy, the aftertreatment system delivered a high conversion rate toward THC, NO   x   and CO with the potential benefits of oxidizing the remaining NH   3  , H   2   and CO with additional oxidation catalyst downstream.




8. Conclusions


In this paper, we analysed the numerous implications that result from a change from turbocharging to pressure wave supercharging. Two different boosting systems were compared in combination with two different camshafts. The Comprex pressure wave supercharger can provide a high boost pressure already at low engine speeds due to the two-cycle design and is therefore suitable for use with the Miller camshaft (CXM concept). The turbocharged engine on the other hand would have a significantly decreased low-end torque and drivability, which is why here, only the conventional camshaft must be used (TCC concept).



The Comprex’s significant advantage with respect to low-end torque comes with a drawback in the maximum power output. Due to a higher fresh air temperature level for this concept and the limitation of the cylinder head temperature, the peak power was 4 kW (3.2%) lower than for the TCC concept. However, this drawback can be overcome by further optimization of the Comprex.



CNG engines that are derived from diesel engines often suffer from temperature limitations. We could show that the power output can be increased significantly regardless of the concept when the cooling effects of port water injection can be utilized.



The use of a camshaft with Miller valve timing led to a better brake efficiency at low and medium loads and to a lower fuel consumption in the driving cycles. This holds true for light commercial vehicles across a wide weight range and all corresponding WLTP driving cycles. The use of the Miller camshaft was enabled by the use of the Comprex pressure wave supercharger.



In addition to the fuel consumption benefits, the Comprex concept also enabled a reduction in the use of the friction brakes by 64–69%. This was due to the design of the Comprex, that enables closing all exhaust gas channels and, hence, utilizing an increased engine braking capability.



The transient performance was compared by means of load steps at constant engine speed. Despite the disadvantages of using a Miller camshaft, the Comprex supercharger yielded better results than the turbocharged engine. When the same camshaft was used for a load step at 1750 rpm, the turbocharged engine took 2.5-times as long to reach the same torque.



Finally, the implications of the Comprex concept on the exhaust gas emissions are threefold. A six-times faster catalyst warmup in cold-start conditions was achieved due to the location of the TWC upstream the Comprex. In steady-state operation, the exhaust gas temperature at the TWC was always higher, and also, a postoxidation was possible for the Comprex concept as the mixture was always lean downstream the pressure wave supercharger due to the scavenging in the rotor.
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Abbreviations


The following abbreviations are used in this manuscript:



	BBC
	Brown Boveri Company



	PWS
	Pressure Wave Supercharger



	GM
	General Motors



	CFD
	Computational Fluid Dynamics



	EGR
	Exhaust Gas Recirculation



	EGR rate
	Mass fraction of Recirculated Exhaust Gas in the engine mass flow



	FPT
	Fiat Powertrain Technologies



	CNG
	Compressed Natural Gas



	VTG
	Variable Turbine Geometry



	IMEP
	Indicated Mean Effective Pressure



	BMEP
	Brake Mean Effective Pressure



	TWC
	Three-Way Catalytic Converter



	OC
	Oxidation Catalyst



	COC
	Centre Of Combustion, where 50% of the fuel is burned



	TC
	Turbocharger



	CX
	Comprex Supercharger



	TCC
	Turbocharger in Combination with Conventional Camshaft



	TCM
	Turbocharger in Combination with Miller Camshaft



	CXC
	Comprex Supercharger in Combination with Conventional Camshaft



	CXM
	Comprex Supercharger in Combination with Miller Camshaft



	CO
	Carbon Monoxide



	THC
	Total Hydrocarbon



	NO   x  
	Nitrous Oxide



	H   2  
	Hydrogen



	NH   3  
	Ammonia



	p2,IM
	Intake manifold pressure, upstream the intake runners



	p3,EM
	Exhaust manifold pressure, downstream the exhaust runners
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Figure 1. Photographs of the engine equipped with a turbocharger (left) and the Comprex supercharger (right) on the test bench, view from the exhaust side. 
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Figure 2. Schematic of the Comprex pressure wave supercharger. The description of the relevant pressures and temperatures is also indicated in the schematic. 
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Figure 3. Different Comprex designs. In both designs, the fresh air housing is located on the left-hand side and includes the drive motor, while the exhaust gas housing is located on the right-hand side. The circles indicate the bearing locations, and the arrows point to the location of the gap that compensates the thermal elongation of the rotor. (Left) Old design, bearings only in the air-side housing, one-piece rotor. (Right) New design, one bearing in each housing, two-piece rotor with a central gap. 
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Figure 4. Variation of the rotor speed at 2250 rpm and 50 Nm, operation with both cycles. 
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Figure 5. Variation of the rotor speed at 2250 rpm and 400 Nm, operation with both cycles. 
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Figure 6. The steady-state rotor speed that was used for the experimental analysis. 
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Figure 7. Full-load brake torque results with different charging systems and different camshafts. 
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Figure 8. Pressures and temperatures during full-load operation. 
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Figure 9. Effects of water injection on the combustion at an engine speed of 3000 rpm and a brake torque of 300 Nm. The bottom left plot shows the heat release rates for different water/fuel mass ratios. 
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Figure 10. Effects of water injection on the relevant temperatures and engine-out emissions at an engine speed of 3000 rpm and a brake torque of 300 Nm. 
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Figure 11. Effects of water injection on the full load at a given centre of combustion of 20    °  CA at an engine speed of 2750 rpm. 
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Figure 12. Part-load results of efficiency, gas exchange and combustion for an engine speed of 2200 rpm. The highest load point was measured at 2250 rpm. 
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Figure 13. Engine braking with the Comprex. The different colours represent the different engine speeds. In the left subplot, the solid lines show the exhaust gas pressure    p 3  , EM   and the dashed lines show the intake manifold pressure    p 2  , IM  . 
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Figure 14. WLTP driving cycles for different vehicle weights (different power-to-weight ratios). The Comprex/Miller concept enables fuel savings for all three driving cycles/vehicle weights and also a reduction of the energy dissipated in the friction brakes. 
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Figure 15. Load steps at several engine speeds using two (three) different engine concepts: Comprex with Miller camshaft (CXM), Comprex with conventional camshaft (CXC) and turbocharger with conventional camshaft (TCC). Notice the different scaling of the x-axes. 
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Figure 16. (a) Steady-state temperature upstream the TWC for the Comprex and the turbocharger in brackets. At low engine loads, the centre of combustion was set to 8    °  CA after top dead centre in all cases. (b) Temperature (top) and CO conversion rate (bottom) evolution during cold start at 1000 rpm and 50 Nm, centre of combustion 8    °  CA after top dead centre start for the Comprex setup (black) and the turbocharger setup (grey). A Comprex speed of 4000 rpm was used for this cold-start measurement. 
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Figure 17. (a) Conversion rates of NO   x  , CO and THC upstream the TWC; (b) concentration of CO, THC and NO   x   upstream the TWC; (c) concentration of CO, THC and NO   x   downstream the TWC during steady and dithering operations. 
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Figure 18. (a) Conversion rates of H   2  , CO and NH   3   in the oxidation catalyst; (b) concentration of N   2  O downstream the TWC during steady and dithering operations. 
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Table 1. Main characteristics of the experimental setup.
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	Engine basis
	FPT F1C 3.0 litre, CNG version



	Bore/stroke/number of cylinders
	96.0 mm/104.0 mm/4



	Compression Ratio
	16.5



	Fuelling
	Port fuel injection of natural gas, Bosch NGI2 injectors



	Variability in the valve train
	None (fixed lift, no valve timing adjustment)



	Conventional camshaft intake
	max. lift 8.5 mm, intake valve closing angle 565    °  CA



	Miller camshaft intake
	max. lift 6.1 mm, intake valve closing angle 525    °  CA



	Charge air intercooler
	Water/air intercooler, fixed water mass flow rate and constant water inlet temperature



	Turbocharger
	Garrett compressor and turbine



	Pressure wave supercharger
	Antrova Comprex D114/L112



	Comprex drive motor
	NovoMotec, 1.24 kW



	Port water injection
	Nostrum Energy



	Engine control
	In-house developed, rapid-prototyping system (dSPACE)



	In-cylinder pressure transducers
	M5 piezoelectric, (Kistler 6054BRS32U) in all cylinders



	Stoichiometry sensors
	Wideband (Bosch LSU 4.9)



	Emission measurements
	Horiba Mexa 7400 certification-grade emission bench with two sampling lines, V&F Analyse- and Messtechnik GmbH HSense mass spectrometer, AVL SESAM FTIR



	Fuel flow measurement
	Coriolis (Rheonik RHM015/RHE07)



	Combustion air flow measurement
	ABB Sensyflow FMT700-P



	Torque measurement
	GIF torque transducer



	Flywheel/gearbox
	Standard/no gearbox










[image: Table] 





Table 2. Main components and characteristics of the fuel.
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	CH   4  
	90.65 vol.-%



	C   2  
	4.566 vol.-%



	CO   2  
	1.212 vol.-%



	N   2  
	0.762 vol.-%



	C   3  
	0.606 vol.-%



	Higher Heating Value
	52.64 MJ/kg



	Lower Heating Value
	47.53 MJ/kg



	Normal Density
	0.782 kg/m   3  
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Table 3. Combination of different boosting devices and camshafts and their abbreviations.
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	Boosting Device
	Camshaft
	Abbreviation





	Comprex
	conventional
	CXC



	Turbocharger
	conventional
	TCC



	Comprex
	Miller
	CXM



	Turbocharger
	Miller
	TCM
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Table 4. Comparison of the concepts in terms of brake efficiency in the relevant load range for the driving cycles.
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	Brake Torque
	50 Nm
	125 Nm
	200 Nm
	275 Nm
	350 Nm





	relative improvement
	3.63%
	3.26%
	1.87%
	0.94%
	0.69%
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Table 5. Main vehicle parameters.






Table 5. Main vehicle parameters.





	vehicle masses
	2750 kg/5000 kg/7000 kg



	rolling resistance coefficient
	0.01 (−)



	drag coefficient
	0.5 (−)



	frontal area
	5.4 m   2  



	wheel rolling radius
	0.35 m



	gearbox gear ratios 1–8
	5, 3.2, 2.143, 1.72, 1.314, 1, 0.822, 0.64 (−)



	final drive gear ratio
	3.5 (−)
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Table 6. Rise time until 80% and 90%, respectively, of the desired torque value is reached. As the load step with the Comprex is always faster, the “relative duration” quantifies the additional time the turbocharged engine requires. At an engine speed of 1750 rpm, this was also done with the Comprex and the conventional camshaft (CXC) for comparison.






Table 6. Rise time until 80% and 90%, respectively, of the desired torque value is reached. As the load step with the Comprex is always faster, the “relative duration” quantifies the additional time the turbocharged engine requires. At an engine speed of 1750 rpm, this was also done with the Comprex and the conventional camshaft (CXC) for comparison.





	Engine Speed
	    t 80  /  t 90     CXM (CXC)
	    t 80  /  t 90     TCC
	Relative Duration





	1250 rpm
	2.66 s/3.79 s
	–/–
	–/–



	1750 rpm
	1.61 s/2.28 s (0.79 s/1.10 s)
	2.05 s/2.84 s
	+27%/+24% (+159%/+158%)



	2250 rpm
	1.07 s/1.46 s
	1.42 s/1.78 s
	+33%/+22%



	3250 rpm
	0.70 s/0.84 s
	1.46 s/2.01 s
	+110%/+140%
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Table 7. Engine operating points with the corresponding temperature at the inlet of the TWC and OC.






Table 7. Engine operating points with the corresponding temperature at the inlet of the TWC and OC.





	Engine Speed
	Torque
	Temperature Inlet TWC
	Temperature Inlet OC





	1000 rpm
	50 Nm
	375    °  C
	151    °  C



	1600 rpm
	50 Nm
	477    °  C
	198    °  C



	1600 rpm
	100 Nm
	517    °  C
	232    °  C



	2200 rpm
	97 Nm
	586    °  C
	297    °  C



	2800 rpm
	80 Nm
	625    °  C
	347    °  C



	2800 rpm
	117 Nm
	660    °  C
	397    °  C
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
500

brake torque (Nm)
N © IS
S S S
S 3 S

1=
S

— — — Comprex, conventional camshaft (CXC)
Comprex, Miller camshaft (CXM)

———— Turbocharger, conventional camshaft (TCC)
— — — Turbocharger, Miller camshaft (TCM)

1000 1500 2000 2500 3000 3500
engine speed (rpm)






media/file4.png
oxidation
catalyst
(OC)

7

T gas

pocket
valve

angleT K

channel 4

waste gate

L

gas pocket

—p channel 3
p3l

three-way

catalyst (TWC)

Scay channel 1
Chgi air filter [e—
g1n -—
"\ —
X
4 -
! Comprex
= channel 2 speed
in

N

pressure-wave
supercharger
Comprex™

CNG injector

N

inter-
cooler

<

throttle
position





media/file30.png
Nm)

brake torque (

brake torque (Nm)

1250rpm

N
o
o

W
)
o

N
)
o

RN
o
o

o

TN
o
o

W
o
o

N
o
o

RN
o
o

o

Nm)

brake torque (

brake torque (Nm)

400t

3007

2007

1007

4007

300t

200t

100

1750rpm






media/file18.png
centre of combustion (°CA)

16

heat release rate

A)

C
NN
o

N
~

inflammation duration (°
N
N

20+
1 1 1 18 1 1 1
0 20 40 60 80 0 20 40 60 80
water /fuel ratio (%) water /fuel ratio (%)
0% X 38.6
20% -
20% || &
60% | | 5 38.4f
80% £
P
4
£ 38.2
e

-20 0 20 40 60 0 20 40 60 80
crank angle (°CA) water /fuel ratio (%)





media/file35.jpg
100

80— oscillation

200 300
(@) OC Temperature (°C)

400 500 600
OC Temperature (°C)






media/file21.jpg
480 75
460 i
o Ses
420 e
400 o
380 45
255 845
e

250 Tce 840
245 £ a3

Ze30

&
235 825
230 820

0 2 50 0 2 50

water/fuel ratio (%)

water/fuel ratio (%)





media/file26.png
w

p2.1M, P3EM (bar)
N

—
—-———-‘-—-_-_ N —

0
-120

-100 -80 -60
brake torque (Nm)

-40

1500rpm
2250rpm
3000rpm

-120

-100 -80 -60
brake torque (Nm)

-40





media/file27.jpg
2750kg

0
Comprex fuel savings : 2.4%
Comprex brake reduction : W\"\M
500

1000 1500
time (s)
5000kg

Comprex fuel savings : 3.0%
Comprex brake reduction : 68%

200 400 600 800 1000 1200 1400
time (s)
7000kg

Comprex fuel savings : 3.5%
Comprex brake reduction : 64%

AVARAN

200 400 600 800 1000

time (s)





media/file3.jpg
|oxidation| channel 4 channel 1

| catalyst = ﬂ-unmr air filter [e=

(o) /wasle gate [

L
= w#— Comprex

channel 2 speed

pocket — channel 3 Tp“cmnﬂ'_ T,

valve | L] N
angle e
' 4 pressure-wave \

supercharger
M inter]
pri Comprex inter- i
catalyst (TWC) cooler

CNG injector






media/file22.png
brake torque (Nm)

cylinder head temp. (°C)

480

AN
N
o

4007

380
255

250

D
A O
o O

CXC

TCC | ]

0 25

water /fuel ratio (%)

845

840}

S 835}
=

= 830

825¢

820 '
0 25 50

water /fuel ratio (%)





media/file19.jpg
800, 5230

(

8
>
§

< 760 o
2 740] S5
= 5
720 <210
700 208
2200 2000

0 20 4 60 80 0 20 4 6 8
water/fuel ratio (%) water/fuel ratio (%)





media/file7.jpg
45

115
—n
T 1 Immtind
—40 £ 2}
B e T
< 105 ——
a5 é
21
3
3
g2
g1
45 675 9 105 45 6 75 9 105
Comprex™

speed (krpm)

Comprex™ speed (krpm)





media/file28.png
vehicle speed (km /h)

vehicle speed (km /h)

vehicle speed (km /h)

125
100

N O N
O 01 O O,

150
125
100

N O N
O O ©O O,

150
125
100

N O N
O O O O,

2750kg

- Comprex fuel savings : 2.4%
- Comprex brake reduction : 69%

: ey

l
0 500 1000
time (s)
5000kg

1

500

- Comprex fuel savings : 3.0%
- Comprex brake reduction : 68%

o

200 400 600 800 1000
time (s)
7000kg

1200 1400

- Comprex fuel savings : 3.5%
- Comprex brake reduction : 64%

800

1000





media/file10.png
\

9 10 11

Comprex™ speed (krpm)

12

pressure (bar)

drive motor power (W

N
N

N
—

N
o
o

RN
o
o

o

P2
- = — D3

9

10 11
Comprex ™ speed (krpm)

12





media/file33.jpg
T™WC

- -steady
. —oscillation

Femperatuee (°C)

400

TWC Te

500

perature (°C)

600





media/file32.png
400 500 400 __o-—========
o (&63) (743) S |\

300+t 7000 o 200 upstream TWC

ZE (8@8) (882?) (?68) égg) OTD/ a ’ - df))wnstream TWC

= 200{(HH5) 5% 63 89 (@89 | o0 = '

=L ) 88 688 @88 | so0 2 Tuzbo
(338) (156) (409 567) (609)| B 400 |
1000 2000 3000 200 300

Time (s)

(a) Engine Speed (RPM)





media/file14.png
500

)

AN
o
o

W
o
o

brake torque (Nm

— — — Comprex, conventional camshaft (CXC)

Comprex, Miller camshaft (CXM)

Turbocharger, conventional camshaft (TCC)
— — — Turbocharger, Miller camshaft (TCM)

1000

1500

2000 2500
engine speed (rpm)

3000

3500






media/file11.jpg
500

< Comprex speed (rpm)

400 A f’ooo
/\ ,0600 \

200 _’/\ ,0000 \

— 9
100 ——0 %009 S0 .

@
S
S

brake torque (N

1000 1500 2000 2500 3000 3500
engine speed (rpm)






media/file6.png





media/file36.png
100

1.0
— —steady
© 0.8} ‘= 80— oscillation
< o
o =
= 0.6 o) 60t
é 0.4¢ % 40+
s =
S 0.2t — —steady % o0 |
—oscillation| & -
0.0 : . : 0 =" . .
200 300 400 400 500 600

(a) OC Temperature (°C) (b) OC Temperature (°C)





media/file15.jpg
»
o

Ppan (bar)

&

25

ps (bar)

g 3

]

Tam (°C)

1000 1750 2500 3250
engine speed (rpm)

8 8

1000 1750 2500 3250
engine speed (rpm)






nav.xhtml


  energies-14-05306


  
    		
      energies-14-05306
    


  




  





media/file16.png
2.5

O 1 1 1 1
1000 1750 2500 3250

engine speed (rpm)

1750 2500 3250

engine speed (rpm)






media/file2.png
% b“ W/‘ /\\\“ S .’\ 1 R% —

\'
A

Rotor Housing

o>






media/file20.png
1600
0

20 40 60 80
water /fuel ratio (%)

linder head tem

7 205
2000

THC (ppm)

2157

2107

500

0 20 40 60 80

water /fuel ratio (%)





media/file23.jpg
——xn
e

CXM, brake
TCC, brake

5

8

)

3

centre of combustion (°CA)

°

Z 50

X <

Tec s
24
E40
] cx
2 Tcc
8

100 200 300 400 500 0 100 200 300 400 500
brake torque (Nm) brake torque (Nm)





media/file5.jpg





media/file24.png
efficiency (%)

centre of combustion (°CA)

45 - T -
=TT T T~
i 7
40 p ~
357 £
30} — — — CXM, indicated | |
— — — TCC, indicated
25| CXM, brake
TCC, brake
20 ' '
20+t CXM
TCC
157
10
0 100 200 300 400

brake torque (Nm)

500

p3.EM — P21m (bar)
S
N

combustion duration (°CA)

0.8

0.6}

0.4}

o
N

o

CXM
TCC

o)
o

D
(&)

TN
o

CXM
TCC

&)
o

100 200 300 400
brake torque (Nm)

500





media/file29.jpg
400

g

200

100,

brake torque (Nm)

1250rpm 1750rpm.
400
300
200
100
o
0 1 2 3
time (5) time (5)
2250rpm 3250rpm
= 400
Z r--
g 3001 |
el |
f‘: 200 1
Z 100f !
o
[ 1 2 3 4 [ 1 2
time (s) time (s)






media/file1.jpg





media/file31.jpg
400

(@)

G

(659 @8 o) 388
) 52 633 &) (@88
i 355 (8% B8 (898)
) 138 308 B8 (6d6)

1000 2000 3000
Engine Speed (RPM)

00 100 200 300
(b) Time (s)





media/file25.jpg
T500rpm
2250rpm
000rpm

4
100 80 60 40 120 100 80 60 40
brake torque (Nm) brake torque (Nm)






media/file12.png
500

AN
-
o

w
o
o

200

brake torque (Nm)

100

| Comprex speed (rpm) |
\7
Ve
(@)
2,

1000

1500

2000 2500 3000 3500
engine speed (rpm)






media/file9.jpg
22,
155 z
= 221
2 %
< 150 g
2 2
145 a »
——-n
140 19
1 < 400
= £ 300
g H
Y 2
fos 520
H x E
< 0
10 1 12 ] 10 11 12

Comprex™ speed (krpm)

Comprex™ speed (krpm)





media/file0.png





media/file8.png
45 - - - - 1.15
P2
=1 — — =
=2 — —
Z105p ——— 7 " .
n
&
S
0.95
3 —~ 400
=
—~ 5 300}
X 2f -
o) @)
o1 E
D)
2
—
0 i i ! i o 0 | i i !
3 4.5 6 7.5 9 10.5 3 4.5 6 7.5 9 10.5

Comprex '™ speed (krpm) Comprex'™ speed (krpm)





media/file34.png
€
©c o =
(o)} oo o
O
O
’
’
1
|

-
— —steady
AN —oscillation
THC S SNmx%

~¢ ==’

o
~

Conversion Rat

o
I\)

Upstream TWC (ppm)

0.0 400 500 600
(@) TWC Temperature (°C)

12000

(b)

'Z 10000}

8000
6000
4000 ¢
2000

0

rl

/

..___C;Q-I-".'”‘./

»«JHC

.:::: S oL

400 500 600
TWC Temperature (°C)

3000

2000

1000

Downstream TWC (ppm)

400 500 600
C) TWC Temperature (°C)

~





media/file17.jpg
8

9
K}
&
s
H

40

20

& 8

(YD) wonemp uopwuuy

S 8=

o

gur

© % o
8 8 8
(%) Souatogo oyesq

8

:

93

H

ot

]E
R e asvoror e

(VD) wonsnquos jo oxyuao

60 80

water/fuel ratio (%)

40

20

40 60

20
crank angle ("CA)





