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Abstract: Proper design of exhaust systems in marine high-power turbocharged diesel engines can contribute to improve the low-speed performance of these engines and make the working conditions of the cylinders more uniform. Here a high-power marine 16-cylinder V-type turbocharged diesel engine is simulated using the GT-Power software. The results reveal the differences induced by different exhaust system structures, such as an 8-cylinder-in-pipe exhaust system with single/double superchargers and a 4-cylinder-in-pipe exhaust system with a single supercharger. After a comparative analysis, the 8-cylinder type with double superchargers is determined to be the optimal solution, and the structure of the exhaust system is further optimized. The simulations show that the optimized maximum exhaust temperature difference among cylinders is reduced by 66%. Finally, the simulation results and the optimized performance of the designed exhaust system are verified through experiments.
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1  Introduction

An engine exhaust system is an important part of the air exchange system of an internal combustion engine and has a significant impact on the performance of an internal combustion engine [1–3]. Especially for high-power turbocharged diesel engines, to make full use of exhaust energy, reduce pumping losses, and improve the working consistency among cylinders, the design requirements for the exhaust system are further improved [4,5]. At present, an 8-cylinder supercharged diesel engine or a 16-cylinder V-type supercharged diesel engine is usually used in ship propulsion power machinery. Since a 16-cylinder V-type diesel engine has 8 cylinders on each side, this paper focuses on the optimization design of the exhaust system of an eight-cylinder in-one-row diesel engine.

For high-power marine supercharged diesel engines, to meet the performance requirements of high-power engines under high load conditions, the selection of turbochargers is usually relatively large, so the performance of diesel engines deteriorates at low-speed conditions. In addition, considering the requirement of increasing torque in low-speed conditions for marine diesel engines to increase power output, low-speed performance has become one of the most important performance evaluation indicators for high-power diesel engines. The innovative design of exhaust pipe systems is helpful for improving the low-speed performance of high-supercharge diesel engines.

The ignition interval angle of an eight-cylinder in-one-row four-stroke diesel engine is 90°CA, which can easily cause scavenging interference between two adjacent cylinders, affect the working uniformity among engine cylinders, and thus affect the engine life. The design process of the exhaust pipe of an 8-cylinder diesel engine should not only consider the simple structure and layout, but also take account of the full use of the exhaust energy and avoid scavenging interference among cylinders as much as possible to ensure the consistency of air exchange among cylinders. Therefore, improving the low-speed performance of high-power turbocharged diesel engines and the working uniformity among cylinders through exhaust system structure design has always been a research difficulty and focus.

To optimize the exhaust system and to improve the performance of internal combustion engines, scholars have done much work on exhaust system designs [6–10] and have actively explored the exhaust system design schemes of eight-cylinder in-one-row turbocharged diesel engines [11–14]. Initially, 8-cylinder or 16-cylinder diesel engines adopted the pulse converter (PC) turbocharging mode. In the PC mode, two cylinders are connected to an exhaust pipe, and the exhaust pipes are summarized at the turbine inlet. This mode can effectively avoid interference among cylinders, but its structure is too complicated to realize the layout. The modular pulse converter (MPC) exhaust system with 4 cylinders or 8 cylinders in one exhaust pipe has the advantages of a simple structure, and its modular structure design meets industrial needs. Therefore, MPC is commonly used in the exhaust system of 8-cylinder diesel engines or 16-cylinder V-type diesel engines at present [15]. The MPC turbocharging system adopts a curved exhaust manifold with necking, but it still cannot solve the problem of the excessive exhaust temperature of individual cylinders under high loads [16]. The mixed pulse conversion (MIXPC) system adopts the form of a pulse converter for 2 to 4 cylinders at the closed end of the exhaust manifold, and the other cylinders adopt an MPC structure, which can avoid large scavenging interference and greatly improve the consistency of the exhaust temperature of cylinders [17]. However, the structure is still relatively complicated, and the exhaust system components are not universal, which is not conducive to the improvement and maintenance of a diesel engine exhaust system.

In summary, there are almost no exhaust systems that can take account of both the simple structures and the working consistency among cylinders simultaneously. The modular multipurpose pulse converter (MMPC) turbocharging system has a reasonable design for the exhaust branch pipe modular necking so that the gas flow loss is small. In addition, the flow area of the exhaust gas is reduced when passing through the MMPC branch pipe port. The pressure energy of the airflow peak pressure from the upstream manifold is converted into kinetic energy when passing through the constriction so that a low-pressure area forms at the exhaust branch pipe port, which weakens the scavenging interference to the downstream cylinder [18].

This paper uses GT-Power one-dimensional engine performance simulation software to study the effects of different exhaust system structures, such as an 8-cylinder-in-pipe exhaust system with single/double superchargers and a 4-cylinder-in-pipe exhaust system with a single supercharger, on the low-speed performance of high-power diesel engines and the uniformity of the exhaust temperature of cylinders. On the basis of the MPC exhaust system currently widely used in marine turbocharged 16-cylinder V-type diesel engines, the exhaust manifold of the cylinder that interferes with the scavenging of the adjacent cylinder downstream is replaced with the MMPC module. On the premises of having a simple and reliable structure with a few exhaust system changes, the exhaust system of an 8-cylinder in-one-row diesel engine is optimized for anti-scavenging interference to improve the overall performance of high-power diesel engines.

2  Simulation Model

To optimize the low-speed performance of a diesel engine, this paper studies the exhaust system and turbocharging system of a 16-cylinder V-type diesel engine. Because the engine has the same exhaust system on both sides, this study mainly focuses on one side, which has 8 cylinders. Since the ignition interval angle of the eight-cylinder in-one-row diesel engine is 90°CA, there is exhaust interference between two adjacent cylinders. To ensure the simple structure of the exhaust pipe and avoid the influence of scavenging interference on the working uniformity among cylinders, this paper optimizes the exhaust pipe design of an 8-cylinder in-one-row diesel engine. The original diesel engine adopts the exhaust system scheme in which each exhaust pipe is connected to eight cylinders and a turbocharger. The engine parameters are shown in Tab. 1. The KISTLER 6125B water-cooled cylinder pressure sensor is arranged in the first cylinder. The charge signal of the sensor is converted into a voltage signal through the KISTLER 5064 charge amplifier. The exhaust pressure sensor is the KISTLER 4049B. The data are collected by the NI 9411 data acquisition system. The phase signal is obtained by the Omron E6C3-AG5C encoder. The main measurement equipment and equipment parameters used in the experiment are shown in Tab. 2. To meet the high load performance of the original engine, the turbocharger selection is relatively large, so the performance of the diesel engine deteriorates at low speeds. According to the requirement of increasing torque at low speeds, this paper improves the single-row 2-turbocharger system, optimizes the performance in low-speed conditions and improves the transient response by matching 2 small turbochargers on each side.

Table 1: Diesel engine parameters
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Table 2: Main measurement equipment and parameters
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This paper uses GT-Power software to build a one-dimensional engine performance simulation model to study the influence of different exhaust pipe structures on the performance of high-power diesel engines. GT-Power focuses on the engine steady-state performance calculation and transient analysis [19,20]. In this paper, simulation software is applied to simplify and optimize the design of different exhaust pipe structures, and the state parameters of different parts of the engine and performance parameters are calculated under different structural parameters, thereby assisting the optimization design of the key parts of the engine. The GT-Power engine model mainly includes the combustion model, intake and exhaust model, and turbocharger model. The overall simulation model of the diesel engine is shown in Fig. 1a, and the above-mentioned subsystem models in the diesel engine are marked in the figure. The compressor models for the 4-turbocharger and 2-turbocharger are shown in Figs. 1b and 1c. As shown in the figure, the air flow of a single large turbocharger in the 2-turbocharger scheme is approximately twice that of a single small turbocharger in the 4-turbocharger scheme. From the joint operation line, it can be seen that both the large turbocharger and the small turbocharger can match the engine well. In this paper, the simulation and test verification calculation under 100% load conditions are carried out, and the results are shown in Tab. 3. The average error between the simulation results of the overall performance parameters and the experimental values is less than 1%, which meets the requirements of simulation accuracy.
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Figure 1: Engine model (a) Original engine model (b) Compressor model of a 4-turbocharger (c) Compressor model of a 2-turbocharger

Table 3: Comparison of the experimental and simulation results at 100% load
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Fig. 2 shows the differences in the exhaust temperature and peak pressure of each cylinder. As shown in the figure, there are certain differences in the exhaust temperature and peak pressure among cylinders due to some structural inconsistencies in the exhaust pipes of eight cylinders. The maximum deviation in the exhaust temperature is approximately 30 K, and the maximum deviation in the peak pressure is approximately 5 bar. The main reason for the deviation in peak pressure and exhaust temperature is the interference of the exhaust gas between the cylinders. When some cylinders are exhausted, the pressure from the main exhaust pipe is relatively high, so that the residual exhaust gas in the adjacent cylinder cannot be completely discharged, which results in the problem of a high pressure rise in the cylinder.
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Figure 2: Differences in exhaust temperature and peak pressure of each cylinder

3  Comparison of Low-Speed Engine Performance with Different Exhaust Systems

To improve the low-speed performance of high-power diesel engines, this paper studies a simulation of the low-speed performance of diesel engines with different exhaust systems. The exhaust system schemes of the 8-cylinder-in-pipe system with 1 large turbocharger, 4-cylinder-in-pipe system with 2 small turbochargers and 8-cylinder-in-pipe system with 2 small turbochargers are adopted for simulation research. The layout diagram of the three types of exhaust systems is shown in Fig. 3. The minimum value of the excess air coefficient of the diesel engine is limited to 1.2 in the simulation. When the engine runs at 400 rpm~600 rpm, the simulation results of the external characteristic parameters of each scheme are shown in Figs. 4–9.

[image: images]

Figure 3: Schematic diagrams of three types of exhaust systems (a) 4-cylinder-in-pipe scheme with 2 small turbochargers (b) 8-cylinder-in-pipe scheme with 2 small turbochargers (c) 8-cylinder-in-pipe scheme with 1 large turbocharger
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Figure 4: Effects on the engine torque
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Figure 5: Effects on the fuel consumption
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Figure 6: Effects on the peak pressure
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Figure 7: Effects on the pressure ratio of turbocharger
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Figure 8: Effects on the excess air ratio
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Figure 9: Effects on the exhaust temperature

An exhaust system with 1 turbocharger has lower boost pressure and lower excess air coefficient at low speeds. To keep the engine working normally at 400~450 rpm, the injection quantity of each cylinder must be reduced. Therefore, the external characteristic performance parameters of the diesel engine in these speed conditions deteriorate significantly.

It can be seen from the above figures that the exhaust temperature, cylinder pressure and excess air coefficient of the two 2-turbocharger exhaust system schemes under external characteristic conditions do not exceed the limit values. The advantage of pulse turbocharging over constant pressure turbocharging is that the pulse energy of the exhaust can be used in the pulse turbocharging mode under low speed conditions (low pressure ratio); hence, the supercharging effect of the pulse supercharging system is better than that of the constant pressure system. When the turbocharging ratio is high, the loss of pulse energy can be ignored. The pressure and temperature of the pulse turbocharging system in front of the turbines change periodically, and the direction of the airflow entering the blade also changes periodically, resulting in a loss of local impact energy and a reduction in the efficiency of the pulse turbocharging system.

4  Improvement in Cylinder Uniformity by Exhaust System Optimization

Fig. 10 shows that the exhaust uniformity of the scheme with eight cylinders sharing one exhaust pipe is better than that of the scheme with four cylinders sharing one exhaust pipe. At 100% load, the maximum exhaust temperature of the scheme with eight cylinders sharing one exhaust pipe is 771 K, while the maximum exhaust temperature of the scheme with four cylinders sharing one exhaust pipe is close to 860 K, which is close to the maximum exhaust temperature limit; hence, the exhaust temperature characteristics of the scheme with eight cylinders sharing one exhaust pipe are better. In this paper, further research on the optimization of exhaust manifolds is carried out for the 8-cylinder-in-pipe scheme with 2 small turbochargers.
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Figure 10: Exhaust temperature of each cylinder of the different exhaust systems (a) Exhaust temperature of 8-cylinder-in-pipe scheme (b) Exhaust temperature of 4-cylinder-in-pipe scheme (c) Comparison of the maximum difference in the exhaust temperatures of different exhaust systems

At low loads, the exhaust temperature of the diesel engine is relatively uniform. As the load increases, the exhaust temperature of cylinder 2 is relatively abnormal compared with that of the other cylinders. This is because when cylinder 3 is exhausting, cylinder 2 is just starting to scavenge. To avoid scavenging interference, the structure of the exhaust pipe of cylinder 3 is changed to an MMPC structure. To simplify the calculation, the part of MMPC inserted into the exhaust manifold should be equivalent to a circle. The specific simulation results show that with increasing MMPC diameter, the output power of the engine increases gradually, and the maximum explosion pressure of each cylinder in a single row is under the limit of 125 bar. The maximum exhaust temperature and maximum temperature difference in a single row increase first and then decrease. To keep the exhaust temperature from exceeding the limit value of 803 K, the exhaust temperature difference among the cylinders is minimized. For the convenience of processing, the optimized diameter of MMPC is set to 90 mm. The optimization results are shown in Figs. 11 and 12.
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Figure 11: Intake and exhaust pressure before and after optimization (a) Before optimization (b) After optimization
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Figure 12: Exhaust temperature before and after optimization (a) Before optimization (b) After optimization

It can be seen from Fig. 11 that the exhaust pressure of cylinder 2 is higher than the intake pressure during the partial scavenging stage before the structural improvement, which results in the insufficient scavenging of cylinder 2, and the exhaust temperature of cylinder 2 is higher than that of the other cylinders. After the improvement, the exhaust pressure of cylinder 2 in the scavenging stage is generally lower than the intake pressure. Therefore, the scavenging process is improved, the exhaust temperature of cylinder 2 is significantly reduced, and the uniformity of the cylinders is significantly improved.

Fig. 13 shows the experimental results of the exhaust temperature of each cylinder in three typical exhaust system structures under the operating conditions of 75% load and 909 r/min. An 8-cylinder-in-pipe system with 2 small turbochargers replaced the exhaust manifold of cylinder 3 with an MMPC module; this is the final optimized structure of the exhaust system. From the experimental data in Fig. 13, it can be observed that the temperature difference among the cylinders of the original engine is large before the exhaust system is optimized, while the working uniformity among the cylinders in the 4-cylinder-in-pipe scheme with 2 small turbochargers is significantly improved. The optimized 8-cylinder-in-pipe scheme with 2 small turbochargers further reduces the difference in the exhaust temperature, the scavenging interference problem is significantly improved, and the working uniformity among cylinders is guaranteed. The laws reflected by the experimental results are consistent with the simulation calculation results, which verifies the effectiveness and reliability of the simulation method. In addition, the experiment results also demonstrate that the optimized exhaust system can solve the problem of the working consistency among cylinders with a simple structure and improved low-speed performance.
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Figure 13: Experimental results of the exhaust temperature of each cylinder in different exhaust systems

5  Conclusion

For the marine high-power 16-cylinder V-type turbocharged diesel engine, one-dimensional engine performance simulation analysis is carried out with GT-Power. The effects of different exhaust systems on low-speed performance and exhaust temperature uniformity among cylinders are discussed in this paper. To avoid scavenging interference and increase the consistency of the exhaust temperature, the exhaust manifolds of certain cylinders are replaced with the MMPC structure module, and the exhaust manifold diameter is optimized. Finally, the accuracy and reliability of the simulation results are verified by experiments.

1.   For a 16-cylinder V-type high-power diesel engine, a comparative analysis of 8-cylinder-in-pipe exhaust system scheme and 4-cylinder-in-pipe exhaust system scheme is carried out. The results show that the 8-cylinder-in-pipe exhaust system has advantages over the 4-cylinder-inpipe system in terms of the low-speed performance and temperature control of each cylinder.

2.   The exhaust gas temperature of cylinders is different due to the exhaust disturbance. Cylinder 2 has higher exhaust back pressure. Therefore, its exhaust temperature is higher than that of the other cylinders.

3.   For the 8-cylinder-in-pipe exhaust system scheme, parameter optimization of the exhaust manifold is carried out to improve the consistency of the cylinders, and the maximum exhaust temperature difference among cylinders is reduced from 134 K to 45 K.
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Cylinder number 16

Bore (m) 0.2

Stroke (m) 0.27

Compression ratio 13.37

Fire order 1-9-3-11-5-13-7-15-8-16-6-14-4-12-2-10
Rated power (kW) 1760

Rated speed (rpm) 1000
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