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Abstract

:

Although the exhaust gas recirculation (EGR) technology has been proven effective to decrease the marine engine’s nitrogen oxides (NOx) emissions, it is associated with a considerable fuel consumption increase and challenges to the engine–turbocharger matching. This study aims to parametrically optimise the EGR and turbocharging system settings of a large marine two-stroke engine with the objective of obtaining the highest engine efficiency whilst ensuring compliance with the prevailing NOx emissions limits. Two typical configurations of the investigated engine (baseline and alternative) are modelled in the GT-SUITE software. Parametric simulations are performed with EGR rates up to 40% along with cylinder bypass rates up to 50%, and the simulation results are analysed to quantify the impact of the engine operation with EGR on the performance and NOx emissions parameters. For the baseline engine configuration, the EGR rate increase considerably deteriorates the brake specific fuel consumption (BSFC), which is attenuated by opening the cylinder bypass valve. The optimal combinations of the EGR and cylinder bypass rates for each operating point are identified for both configurations. Following the comparative assessment between the two engine configurations, recommendations for the engine operating modes are proposed, leading to BSFC improvement in the region of 0.7 to 2.9 g/kWh. This study provides insights for the operational settings optimisation of two-stroke engines equipped with EGR systems, contributing towards the reduction of the associated environmental carbon footprint.
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1. Introduction


Maritime transport underpins global supply chain linkages and economic interdependency, with shipping being estimated to handle over 80% of global merchandise trade [1]. The reduction of exhaust gas emissions from shipping operations has increasingly become a topic of public interest [2]. Due to the adverse effects of the nitrogen oxides (NOx) on the environment and human health [3], the issue of marine engines NOx emissions reduction gained considerable attention by the governments and related organisations. The International Maritime Organisation (IMO) has enforced the NOx emissions regulations [4] for marine engines. The most stringent NOx Tier III emission limits (TIII limits) that are implemented in Emission Control Areas (ECAs) [5] are reduced by about 80% compared to the Tier I limits. It is an immense challenge for shipowners to achieve these high NOx reduction ratios while not impacting the engine fuel economy, which is associated with the carbon emissions and the brake specific fuel consumption (BSFC) [6,7].



In recent years, technologies developed to optimise the combustion process, including fuel injection strategy optimisation, the Miller cycle, and wet combustion, have been investigated to reduce the engine NOx emissions. Diesel engines use direct injection compression ignition, and, thus, the combustion process is remarkably affected by the fuel injection strategy [8]. With the development of electronically controlled injection systems for diesel engines, multiple injections, as well as the precise control of injection timings and injected fuel amounts, have been realised [9]. Several studies have focused on the optimisation of injection strategies such as pilot injection [10,11], split injection [12,13], injection timing [14,15], and injection pressure [16]. Their results demonstrate that the fuel injection strategy optimisation is not sufficient to enable the engine to meet the TIII limits due to its limited capability of NOx emissions reduction. The Miller cycle decreases the effective engine compression ratio by adjusting the exhaust valve or intake valve timings, resulting in a lower maximum combustion temperature, thereby reducing the NOx formation [17,18]. Rinaldini et al. [19] employed the CFD software KIVA to evaluate the potential and limitations of the Miller cycle in reducing NOx and soot emissions for high-speed direct injection diesel engines, concluding that the NOx and soot emissions can be reduced by 25% and 60%, respectively. Gonca et al. [20] used experiments and a two-zone model to investigate the impacts of the Miller cycle on engine performance and emissions, demonstrating NO emissions reduction of 30% associated to power loss of 2.5% with 5° CA late intake valve closing. The air humidity increases the specific heat capacity of the in-cylinder working medium and dilutes the oxygen, thereby reducing the maximum combustion temperature and the NOx emissions. The NOx reduction potential of wet combustion technologies, including intake air humidification [21,22], direct water injection [23,24], and fuel-water emulsion [25,26], have been studied. The derived results indicate that they have potential for reducing NOx emissions in the range from 25% to 50%, which was associated with an increase of the BSFC from 0.5% to 2% [27].



Since the NOx reduction potential of the single technology, including fuel injection strategy optimisation, the Miller cycle, and wet combustion, is limited, the combined application of these technologies has been studied [28,29]. Furthermore, several studies have focused on the combined application of these technologies with exhaust gas recirculation (EGR) to achieve compliance with the NOx TIII limits [30,31,32]. The EGR reduces the generated NOx during the combustion process by decreasing the O2 concentration and increasing CO2 concentration in the scavenge air, which results in a reduction of the peak combustion temperature [33,34]. The EGR experimental testing on a marine two-stroke engine demonstrated a reduction in NOx emissions by more than 70% [35]. Ji et al. [36] proposed an optimal emissions reduction strategy for a marine two-stroke engine combing the Miller cycle, intake air humidification, EGR, and controlled injection, leading to engine compliance with the TIII limits and improved BSFC and NOx emissions trade-off. Imperato et al. [37] reported that combining the Miller cycle with a relatively low EGR rate reduced the NOx emissions by 90%. Due to the effectiveness in considerably reducing the NOx emissions, the EGR system has been employed in a variety of large marine diesel engines [38,39,40].



Shirai et al. [38] described the shipboard testing of an EGR system installed to a marine two-stroke diesel engine, achieving 80% NOx emissions reduction with the fuel injection timing control. Kaltoft et al. [41] reported the operation of several types of marine two-stroke diesel engines with installed EGR systems. The results showed that these engines complied with the TIII limits, although a slight increase in BSFC and other emissions were reported. Higashida et al. [42] reported that the combination of an EGR system with the wet combustion technology and the optimisation of the injection strategy rendered a marine two-stroke diesel engine met the TIII limits. To address the problem of increased quantities of soot and black smoke during acceleration from low engine loads, novel EGR control algorithms were developed and used for the EGR systems setting control by Moser et al. [43].



Although the EGR system has been proven effective to reduce the marine engine’s NOx emissions to the TIII limits, it is essential to employ an effective turbocharging system that compromises the contradictory turbocharger (TC) matching requirements [44] operating with the EGR system switched on or off, so that the engine achieves the highest possible efficiency. The low-pressure EGR (LP-EGR) system only slightly affects the TC performance [45,46] since it is installed at the turbine outlet and the compressor inlet, i.e., the engine low pressure side. However, the LP-EGR system has higher requirements for exhaust gas filtration and cleaning, especially for marine two-stroke diesel engines that use heavy fuel oil. Moreover, the LP-EGR system is not as compact as the high-pressure EGR (HP-EGR) system, as low pressure leads to lower density of the EGR loop working medium [47]. The following two HP-EGR configurations are the most typical for marine two-stroke diesel engines [48]:




	
The baseline engine configuration (BL-EGR) consists of one or more turbochargers (TCs) of the same size connected in parallel. The EGR branch is connected between the exhaust gas and scavenging air receivers, while being switched on/off by a valve. The EGR flow is controlled by the EGR blower. A turbine bypass branch is switched on when the engine operates at high loads, with the EGR branch switched off to avoid the TC over speeding.



	
The alternative engine configuration (AL-EGR) consists of two turbochargers of different size (large and small) connected in parallel. The EGR branch is connected between the exhaust gas and scavenging air receivers, whereas it can be switched on/off by appropriate valves. With the EGR branch switched on, the small TC is switched off, whereas both TCs operate when the EGR branch is switched off.








The detailed descriptions of these two configurations are provided in Lu et al. [49], whereas their layouts are presented in Figure 1. The studies discussed in the preceding paragraphs [35,36,37,38,42,43,45,46,47], as well as more recent studies [50,51,52], focused on the BL- EGR configuration for marine diesel engines equipped with one TC unit. However, studies on the BL-EGR engine configuration for larger size marine diesel engines equipped with two or more parallel TCs are not available in the pertinent literature.



Studies on the AL-EGR engine configuration are limited. Kaltoft et al. [41] reported the shipboard testing and the corresponding results for a large marine two-stroke engine, whereas Kim and Kim [53] investigated the shafting system torsional vibrations and the carbon emissions. In a previous authors’ study [49], the capacity ratio between the large turbocharger (TC-L) and the small turbocharger (TC-S) was parametrically investigated, quantifying the effects of the TC selection on the engine performance parameters. However, comprehensive assessments of the BL-EGR and AL-EGR engine configurations, as well as studies to optimise the systems settings, are not available in the literature.



This study aims to parametrically optimise the EGR and turbocharging system settings for a large marine engine employed as the prime mover in an ocean-going tanker ship. Two engine configurations are modelled in the GT-SUITE v2020 software (Gamma Technologies: Westmont, IL, USA). Parametric runs were performed to quantify the impact of the EGR operation on the engine performance and emissions. A comparative assessment between the two investigated configurations is performed, which leads to recommendations for the operating modes and optimal settings for the most fuel-efficient engine operation complying with both NOx emissions Tier II and III limits.



Hence, this study, although it employs similar modelling tools as the previous authors’ study [49], investigates different scenarios and cases studies with different operating modes and parametric optimisation. This study’s novelty is associated with the following activities: (a) the parametric study of a large marine two-stroke diesel engine equipped with two parallel TCs of the same size (BL-EGR engine configuration); (b) the optimisation of the EGR and cylinder bypass rates for the BL-EGR engine configuration; (c) the quantification of the impact of the AL-EGR configuration settings on the performance and NOx emissions; (d) the recommendation of the most fuel-efficient operating modes for the AL-EGR engine configuration; and (e) a comparative assessment of the BL-EGR and AL-EGR engine configurations.




2. Methodology


2.1. Engine Modelling Description


This study investigates the MAN 7G80ME engine, which is a large marine diesel engine of the two-stroke type. Table 1 lists the technical specifications of this engine according to [54]. The GT-SUITE software [55], which offers the tools and functionalities to enable effective engine modelling, was employed in this study to develop models of the zero/one-dimensional type that sufficiently represent both of the investigated engine configurations. These models were based on an existing model for the engine cylinders assembly (previously developed by the authors and reported in [49]). This model was subsequently expanded to incorporate the sub-models for the turbocharging and EGR systems. The flowcharts of the developed models are illustrated in Figure 2. The model of the BL-EGR engine configuration includes sub-models for the EGR system, the cylinder bypass branch, and the two identical TCs (TC1 and TC2). The model of the AL-EGR engine configuration includes sub-models for the EGR branch, the TC-L, the TC-S, and the cylinder bypass branch.



2.1.1. Engine Core Component Modelling


The DIPulse model [56,57,58], which is available in GT-SUITE, was used to represent the cylinders combustion. The NOx emissions were estimated by the use of the extended Zeldovich mechanism [59]. These models were calibrated by employing the engine performance data (indicated mean effective pressure (IMEP), cylinder pressure, charge air flow, and NOx emissions), at 25%, 50%, 75%, and 100% loads. Although the required data for modelling (the exhaust gas valve area, scavenging ports area, exhaust gas timing, air mass flow, injected fuel mass, start of injection, etc.) are available, the cylinder scavenging and the fuel injection parameters still need to be calibrated.



For calibrating the combustion model, the Three Pressure Analysis (TPA) model and the Measured and Predicted (M+P) Analysis model, available in GT-SUITE [60], were employed. TPA employs one cylinder block (including the scavenging ports, the exhaust valve, and the crank train) and uses the measured cylinder pressure as an input to calculate the cylinder heat release rate (HRR). The single-cylinder model was subsequently employed by providing the HRR as input and using the scavenging model to calculate the in-cylinder pressure variation. The calibration of the scavenging model was accomplished by comparing the simulated and measured cylinder pressures.



The M+P Analysis model is a single-cylinder engine model that includes the injector and the engine crank train. The air volumetric efficiency and the air trapping ratio of using the cylinder at 25%, 50%, 75%, and 100% engine loads were provided as inputs (instead of the scavenging model). This model employs the DI-Pulse combustion model to predict the in-cylinder pressure variation. The calibration of the injection model and the preliminary calibration of the combustion model were carried out by comparing the predicted and measured cylinder pressures.



The DIPulse model parameters that need calibration include the ignition delay, entrainment rate, premixed combustion rate, and diffusion combustion rate coefficients. A single set of values for these parameters is required to provide the best match at the whole-engine operating envelope. GT-SUITE includes the Advanced Direct Optimizer (ADO) [60] that was employed to optimise the DIPulse model parameters, selecting a Genetic Algorithm along with its default settings as presented in Table 2. The performed optimisation was targeted to minimise the objective function that includes the Root Mean Squared Error (RMSE) between the predicted and the measured burn rate; the latter was calculated by using the measured cylinder pressure, as explained in the previous paragraph. The recommended ranges of values for the DIPulse model multipliers are illustrated in Table 3 [60]. The optimisation function in the ADO was employed to carry out simulations in all considered operating points (25%, 50%, 75%, and 100% loads) at each iteration, the results of which were used to calculate the average RMSE.



The modelling details of the air cooler, the auxiliary, the scavenging receiver, exhaust receiver, and the connecting piping were previously described [49,61].



The weighted average values of the BSFC (   W  B S F C    ) [62] and the NOx emissions (   W  N O x    ), taking into account the 25%, 50%, 75%, and 100% loads, are used to compare the BSFC and the NOx emissions.    W  B S F C     and    W  N O x     are described according to the following equations:


   W  B S F C   =   ∑ ( B S F  C i   P i     W  F i   )   ∑ (  P i     W  F i   )    



(1)






   W  N O x   =   ∑ ( N O  x i   P i     W  F i   )   ∑ (  P i     W  F i   )    



(2)




where  i  is the engine load (25%, 50%, 75%, and 100%),   B S F C  ,   P ,   N O x  , and    W F    are the BSFC, the engine power, and the NOx emissions the weighting factor, respectively [63].




2.1.2. Turbocharger and EGR System Modelling


The turbochargers are modelled by employing the respective performance maps of the compressors and turbines [49]. Considering that two TCs of the A270 type can provide the air flow rate required for the investigated engine operation at the MCR point, this TC unit was selected for the BL-EGR engine configuration. The compressor map of this TC [64,65] was provided as the input to the corresponding model. For the AL-EGR engine configuration, the compressor maps for the large and small TCs were estimated by scaling the compressor map of the A270 TC according to the air flow rate. The ratio between the TC-L and the TC-S capacities was considered to be 70:30, which is in alignment with the recommendations for the engine–turbocharging matching reported in Lu et al. [49]. It is noted that due to the lack of pertinent data, in all the scaled compressors maps, the pressure ratio, efficiency, and speed were assumed to be the same as that of the available map (although slight variations are expected). The turbine maps were estimated by scaling the swallowing capacity and efficiency curves of the respective available maps.



The engine coolers (air cooler and EGR cooler) are modelled by considering the cooler effectiveness as a function of the corresponding flow rates and the temperature of the cooling media at the inlet. The pressure drops are calculated as functions of the corresponding mass flow rates squared. The other engine piping (cylinder bypass (CB) and EGR branches) are modelled as one-dimensional elements by employing the equations derived by the mass, momentum, and energy conservation. The EGR blower controls the EGR rate, which is calculated as:


   ϕ  E G R   =     m ˙   E G R       m ˙   E G R   +   m ˙  c  −   m ˙   C B      



(3)




where     m ˙   E G R     represents the EGR mass flow rate,     m ˙  c    represents the sum of the two TC compressor air mass flow rates, and     m ˙   C B     denotes the CB air mass flow rate.



The CB rate is calculated as:


   ϕ  C B   =     m ˙   C B       m ˙  c     



(4)









2.2. Optimisation of the EGR Rate for the AL-EGR Engine Configuration


It is essential to optimise the settings of the AL-EGR engine configuration operating at the TIII mode to minimise the engine BSFC and simultaneously reduce the engine NOx emissions below the respective limits. The optimisation was carried out considering the following four steps:




	
The AL-EGR engine configuration model was used to perform the simulation runs considering the engine operation with EGR rates up to 40% (TC-L and EGR are activated, whilst TC-S is deactivated). The derived BSFC and NOx emissions as a function of the EGR rate were obtained;



	
The derived simulation results were further processed by employing Gaussian fitting, considering the BSFC and NOx emissions as the dependent variables, whereas the EGR rate is taken as the independent variable;



	
The weighted BSFC and NOx functions as functions of the EGR rate (denoted with x) were estimated according to the following equations by employing the weighted BSFC and NOx for specific EGR rate values based on Equations (1) and (2).










   F  B S F C    x  =   ∑    P i   W  F i    f i   x      ∑ (  P i     W  F i   )    



(5)






   H  N O x    x  =   ∑    P i   W  F i    h i   x      ∑ (  P i     W  F i   )    



(6)




where  i  represents 25%, 50%, 75%, and 100% loads, whereas    f i   x   ,    h i   x   ,    P i   , and    W  F i     represent the engine BSFC, the NOx emissions, the engine power, and the weighted factor at 25%, 50%, 75%, and 100% loads, respectively;



	4.

	
The constrained, nonlinear, multivariable function that uses the interior-point algorithm in MATLAB R2020b (The MathWork Inc., Natick, MA, USA) was employed to optimise the EGR rates at 25%, 50%, 75%, and 100% engine loads, according to the following formulation:




	
Objective function: min    F  B S F C    x   ;



	
Optimised variables:   X =    x i     ,    x i    denotes the EGR rate (in percentage) at 25%, 50%, 75% and 100% loads;



	
Constraints:    H  N O x    x    ≤ 3.4 g/kWh, 20 <    x i    < 40. It should be noted that additional performance optimisation goals can be achieved by adjusting the constraint values of the upper and lower limits of the EGR rate at each load.













2.3. Simulated Cases


Simulation runs were carried out considering the engine operation with EGR rates up to 40%; however, the engine operation does not always comply with the TIII limits. Therefore, the term “EGR mode” was henceforth employed. The “TIII mode” constitutes a subset of the “EGR mode”, referring to the engine operating conditions with EGR that meet the TIII limits (which corresponds to 3.4 g/kWh).



For quantifying the effects of the EGR and TC system settings on the engine performance and NOx emissions, simulation runs were conducted for the engine operating at the TII mode (EGR branch switched off) and the EGR mode (0–40% EGR rates). For the BL-EGR engine configuration, to assess the impact of the CB rate on the TC performance improvement in the EGR mode, additional simulation runs were carried out considering the engine operation with the 40% EGR rate, as well as to optimise the CB and EGR rates for minimising the engine BSFC and ensuring compliance with the TIII limits. Furthermore, for the AL-EGR engine configuration, the simulation runs for the proposed operating modes were performed to assess their effectiveness for improving the engine BSFC, while still meeting the TIII limits. The overview of the performed simulation runs is presented in Table 4.





3. Results and Discussion


3.1. Model Validation


The model of the engine core assembly corresponding to the Tier II (TII) operating mode was validated against measured data during the engine shop trials corresponding to steady state conditions at several loads from 25% to 100%. To set up this model, the pressure and temperature at the engine core assembly boundaries, acquired at the engine factory acceptance tests, were employed as boundary conditions.



The obtained relative percentage errors between the predicted parameters and their respective measured values are summarised in Table 5. These errors are found within the range of ±3.2%. The measured and the predicted cylinder pressures are presented in Figure 3. The predicted values are in reasonable agreement with the measured values.



Simulation runs with the models of the BL-EGR and AL-EGR engine configurations at the TII mode (EGR system switched off) were conducted. Figure 4 presents the predicted results and their comparison with the respective measured values. As illustrated in Figure 5a,b, the relative percentage errors (between the measured and predicted values for the engine BL-EGR and AL-EGR configurations are found to be less than ±3.2%. The simulation predictions are in sufficient agreement with the measured values. Figure 5c presents the relative percentage difference between the predicted parameters from the models for the BL-EGR and AL-EGR engine configurations. As deviations less than ±0.8% were exhibited, it is deduced that the developed models can be used for the comparative assessment of the two engine configurations.




3.2. Impact of the BL-EGR Engine Configuration Settings on the Engine Performance and NOx Emissions


This section investigates the effects of the BL-EGR system settings on the engine performance and emissions. Simulations at steady state conditions were performed taking into account the engine running at the TII mode (EGR deactivated; EGR rate equals 0%), as well as the engine operation with EGR rates up to 40%. The predicted results are presented in Figure 6. It should be noted that the engine turbocharging system consists of two identical TC units connected in parallel, and, therefore, only the results for the first TC are presented.



The increase of the EGR rate results in decreased exhaust gas receiver pressure and the TC turbine flow, which, in turn, reduces the turbine power. Consequently, the compressor operates to areas of lower mass flow rate and pressure ratio, as shown in Figure 7, which causes the decrease of the scavenge air receiver pressure and the air–fuel ratio. As a result, the engine BSFC and NOx emissions are affected. As presented in Figure 6, the NOx emissions and the burned zone peak temperature at all investigated engine loads decrease with increasing EGR rate. According to the NOx generation mechanism, the reduction of the NOx emissions is mainly caused by the reduction of the burned zone peak temperature. For EGR rate values higher than 26%, the NOx emissions at 100% load reach values below 3.4 g/kWh (which corresponds to the TIII limits for this engine). For 25%, 50%, and 75% loads, meeting the TIII limits requires slightly higher EGR rates (34%, 32%, and 30.5%, respectively). The EGR rate corresponding to the weighted NOx emissions that comply with the TIII limits is about 30%, which results in a weighted BSFC of 173.6 g/kWh. Due to the slower combustion rate attributed to the decrease of the trapped air–fuel ratio, the engine BSFC at all investigated loads monotonously increase with increasing EGR rate. These results are in alignment with the pertinent literature [46] and provide the anticipated trade-off between the engine BSFC and the NOx emissions (decrease of the NOx emissions is associated with the BSFC increase).



It can be observed that the compressor surge margin decreases with an increase in the EGR rate. For the case of 40% EGR rate, the surge margin was calculated to be 10.8%, 16.3%, 25.1%, and 44.7% at 100%, 75%, 50%, and 25% loads, respectively. These values are within the acceptable limits (typically around 12%) accepted by the engine manufacturers for avoiding compressor surging during the engine transient operation. In addition, at 25%, 50%, and 75% engine loads, the compressor operates at lower efficiency areas. Figure 6 also demonstrates the change of the compressor efficiency with increasing EGR rate. At 25%, 50%, and 75% engine loads, the compressor efficiency fraction reduces by 0.02, 0.04, and 0.03, respectively, as the EGR rate increases from 0% to 40%. Moreover, at 25%, 50%, 75%, and 100% engine loads, the scavenge air receiver pressure decreases by 25%, 29%, 27%, and 13%, respectively, as the EGR rate increases from 0% to 40%.



A solution to compensate for the deterioration of the engine and turbocharger performance at higher EGR rates is to bypass the charge air bypass (from the compressor outlet to the turbine inlet) by switching on the cylinder bypass valve (CBV). The CB rate effects on the engine and turbochargers performance was investigated for an EGR rate of 40% (this value was selected as it resulted in the highest BSFC values).



As presented in Figure 8, the turbine power and exhaust gas mass flow increase with the increase of the CB rate at all investigated loads. Consequently, the adverse impacts for the EGR system operation on the compressor are attenuated. As shown in Figure 7, the compressor operating points for all investigated loads almost approach their position corresponding at the TII mode (0% EGR rate) whilst the CB rate increases to 50%. The scavenge air receiver pressure is also restored close to the respective levels at the TII mode. As a result, the engine BSFC is improved compared to the case of the closed CB valve, whereas the NOx emissions gradually increase. The minimum BSFC values are exhibited in the region of 30–40% CB rate, depending on the engine load. This is attributed to the compressor efficiency, which gradually approaches its peak value and then is reduced. It is deduced from Figure 7 that an optimal point of the CB rate exists for every load that minimises the BSFC, whilst the compliance of the weighted NOx emissions to the TIII limits is ensured. The CB rate optimal values (to achieve the lowest BSFC) are 40% for 25%, 50%, and 75% loads, whereas it is 30% for 100% load. Considering the weighted BSFC, the CB rate optimal value is about 35% and provides the minimum weighted BSFC of about 173.6 g/kWh.



In addition, the electrical power consumption of the EGR blower reduces with the CB valve opening, which is attributed to the lower pressure rise (from the exhaust gas receiver to the scavenge air receiver). When the CB system is deactivated, the EGR blower power is around 1.3%, 2.1%, 3.4%, and 3.6% of the engine brake power at 25%, 50%, 75%, and 100% loads, respectively, whereas it reduces to around 0.8%, 1.0%, 1.1%, and 1.4%, respectively, when optimal CB rates values are used.



The optimisation of the CB and EGR rates to minimise the engine BSFC of the BL-EGR engine operating in the TIII mode (complying with TIII limits; 3.4 g/kWh) was subsequently investigated by performing parametric runs, considering the ranges of the CB and EGR rates. The EGR rate was controlled in the model by adjusting the EGR blower speed (which affects the EGR blower power). Based on the derived simulation results, the EGR rates that minimise the BSFC for each engine load and CB rates in the range 0–50% are presented in Figure 9. At 25%, 50%, 75%, and 100% loads, the optimal CB rates were found to be 34%, 40%, 32%, and 9%, respectively, whereas the optimal EGR rates were calculated as 42.3%, 39.2%, 36.5%, and 27.1%, respectively. The engine BSFC values corresponding to these operating points were calculated as 178.9 g/kWh, 172.2 g/kWh, 170.8 g/kWh, and 172.9 g/kWh, respectively. Compared to the respective values with the CB valve closed, the engine BSFC reduced by 0.4 g/kWh, 1.4 g/kWh, 2.0 g/kWh, and 0.1 g/kWh.




3.3. Impact of the AL-EGR Engine Configuration Settings on the Engine Performance and NOx Emissions


This section investigates the effects of the AL-EGR engine configuration settings on the engine performance and emissions parameters. Simulation runs at steady state conditions were carried out, taking into account the engine operation at the TII mode (TC-L and TC-S are switched on, whilst EGR is deactivated) as well as the EGR mode with EGR rates up to 40% (TC-L and EGR are activated, whilst TC-S is deactivated). The predicted results are illustrated in Figure 10; symbols denote the results for the TII mode, whereas the solid lines denote the results for the EGR mode). For the EGR mode and engine operating at 100% load, only the predicted results are illustrated for the EGR rates higher than 20%. For lower EGR rates, the TC-L speed exceeds the overspeed limit caused by the considerable increase of the exhaust gas pressure (leading to high exhaust gas mass flow rate). This demonstrates that a moderate EGR rate is unavoidable for the engine at 100% load. For operation at this load with EGR rates lower than 20%, alternative matching configurations are required, which include a larger TC-L size (and thus a smaller TC-S size) or exhaust gas bypass (EGB).



For the engine operation where the TC-S is deactivated, the equivalent exhaust gas flow area reduces, and the exhaust gas only flows through the TC-L turbine. Compared with the same loads in the TII mode, the exhaust gas receiver pressure increases, as only the TC-L operates. The increased exhaust gas pressure and mass flow rate lead to an increase of the turbine power, which causes the TC-L compressor to operate at a higher turbocharger speed, as shown in Figure 11. Consequently, the air mass flow rate and the scavenge air receiver pressure increase, which leads to an increase in the in-cylinder compression and maximum pressures. Figure 10 demonstrates that as the EGR rate increases, the TC-L compressor efficiency increases for 100% and 75% loads, whereas it decreases at 50% and 25% loads. Moreover, the TC-L compressor efficiency is lower than that in the TII mode at 75% and 100% loads (reduction is more pronounced at the higher load), whereas this situation is reversed at 25% and 50% loads (increase is more pronounced at the lower load). The air–fuel ratio is also affected by the cylinder scavenging efficiency; a decreasing trend in the air–fuel ratio is observed as the EGR rate increases. With the increase of the EGR rate, the TC-L turbine exhaust gas flow decreases, and the equivalent exhaust gas flow area gradually increases. Thus, the exhaust gas receiver pressure, the turbine power, the scavenge air receiver pressure, the cylinder compression pressure, the cylinder maximum pressure, and the air–fuel ratio gradually decrease. The operating points of the TC-L compressor move downwards and leftwards; however, the compressor surge margin is always maintained in an acceptable range (more than 16%).



As shown in Figure 10, the peak temperature of the cylinder burned zone and the NOx emissions at all investigated engine loads monotonously decrease with the EGR rate increase. At 100% load, the NOx emissions reduce below 3.4 g/kWh (denoting compliance with the TIII limits for EGR rates higher than 22%. For 25%, 50%, and 75% loads, compliance with the TIII limits requires a higher EGR rate (35.5%, 33.9%, and 28.8%, respectively). The minimum weighted BSFC is about 169.1 g/kWh with the 28.8% EGR rate taking into account that the weighted NOx emissions comply with the TIII limits.



In the EGR mode, the engine BSFC at different loads exhibits different variation trends with the increase of the EGR rate, as presented in Figure 10. At 25% and 50% loads, the engine BSFC increases monotonously with the increase of the EGR rate, which is attributed to the decrease of the in-cylinder maximum pressure caused by the decrease of scavenge air receiver pressure and the air–fuel ratio. In addition, the higher EGR rate causes a higher BSFC increase rate. It can be inferred that the air–fuel ratio has a greater impact on the combustion quality in the low air–fuel ratio zone, as it is also deduced from the simulation results shown in Figure 10. Excessively high EGR rates should be avoided, especially in the low engine loads. At 75% and 100% loads, with the EGR rate increase, the BSFC first decreases and then increases, although the air–fuel ratio monotonously decreases, which means that for the high loads, appropriately increasing the EGR rate can reduce NOx emissions without causing a significant engine BSFC increase. Moreover, the operating points of the TC-L compressor will move towards the high efficiency zone; for 100% load, the TC-L speed moves away from the overspeed limit with the increase of the EGR rate.



It must be noted that the engine operating in the EGR mode with the low EGR rates (0–20%) exhibits a lower BSFC than that in the TII mode at 25% and 50% loads, which is attributed to the apparent increase of the TC-L compressor efficiency and the scavenge air receiver pressure, as shown in Figure 10. It can be inferred that the increase of the compression pressure and the maximum pressure results in the reduction of the engine BSFC. It is apparent that the TC-L efficiency and the engine BSFC at 25% and 50% engine loads are improved for the engine running in the EGR mode with low EGR rates. Based on this finding, a fuel optimised TII mode was proposed, the details of which are described in Section 3.4. It is observed that at 75% load, the BSFC in the EGR mode with 0% EGR rate is greater than that in the TII mode, although the air–fuel ratio is only slightly lower, which is attributed to the engine–turbocharger matching setting in these two layouts.




3.4. Proposed Operating Modes for the AL-EGR Engine Configuration


Based on the analysis in Section 3.3, the following four operating modes for the AL-EGR engine configuration are proposed: (1) Mode A (TII mode); (2) Mode B (fuel optimised TII mode); (3) Mode C (TIII mode); and (4) Mode D (optimised TIII mode).



Mode A is a general mode targeting the ship sailing in Non-ECAs. Operating in this mode with both TCs (TC-L and TC-S) activated and the EGR branch deactivated, the engine complies with the TII limits.



Mode B, a fuel-optimised TII mode, also complies with the TII limits and has a lower engine BSFC compared to mode A. It is only used at low loads (less than 50% load). In this mode, the TC-L is only activated (TC-S is deactivated) to increase the TC-L efficiency and the air–fuel ratio, which reduces the engine BSFC. It is recommended to cut off the EGR system to reduce the EGR system operating costs and maintenance workload. However, the EGR system can be activated at any time without restrictions in Mode B. It should be noted that the low EGR rate (10% EGR rate is investigated in this study) does not cause a significant increase of the engine BSFC, but it can further reduce the NOx emissions. Mode B is suitable for use in the following situations: (1) the TC-S encounters a fault or is under overhauling; (2) the engine has to operate at low loads, such as manoeuvring; (3) ship sails at reduced speed (slow steaming) to cut operating costs; or (4) transition stage of switching from Mode A to Mode C or D.



Mode C is the baseline TIII mode. In this mode, the TC-L is only activated (TC-S is deactivated) and the appropriate EGR rate is needed to ensure compliance with TIII limits (equal to 3.4 g/kWh) at all engine loads.



Mode D is a fuel-optimised TIII mode and is recommended for use within ECAs. The difference from Mode C is the application of the optimised EGR rates to ensure that the weighted NOx emissions comply with the TIII limits (equal to 3.4 g/kWh), whilst minimising the engine BSFC.



Figure 12 shows the predicted BSFC, NOx emissions, and required EGR rate at 25%, 50%, 75%, and 100% loads for the four proposed engine operating modes. Compared with Mode A, the engine BSFC and the NOx emissions in Mode B are both reduced, especially the engine BSFC at 25% load (lower by 2.9 g/kWh). In cases where the EGR system is deactivated, the engine BSFC further reduces. This is mainly attributed to the improvement of the TC-L efficiency and the movement of the operating points of the TC-L compressor to the high flow and pressure ratio zone (Figure 13), which leads to an increase in the engine air–fuel ratio (Figure 6). In addition, high compression pressure and temperature at low EGR rates are also beneficial to the combustion. The significant reduction of NOx emissions is attributed to the use of the EGR system. It should be noted that even if the EGR system is deactivated, the NOx emissions still comply with the TII emissions limits.



Compared with Mode C, the engine BSFC at 25% and 50% loads in Mode D reduces by 2.1 g/kWh and 1.66 g/kWh, respectively, whilst it only slightly changes at 75% and 100% loads. For 25% and 50% loads, the reduction of the EGR rate improves the TC-L compressor efficiency (Figure 10) and the operating point of the TC-L compressor moves to the high flow and pressure ratio zone (Figure 13), significantly increasing the air–fuel ratio (Figure 10), which, in turn, contributes to the improvement of the engine combustion performance. For 75% load, the engine BSFC remains almost constant, following a similar EGR rate pattern. For 100% load, although the increase of the EGR rate slightly reduces the air–fuel ratio, the lower average cylinder working medium temperature causes a reduction of the cylinder heat transfer loss (Figure 10). As a result, the engine BSFC only slightly increases. It is noted that the NOx emissions exhibit the opposite variation trend with the EGR rate increase at all investigated loads.



In summary, compared with Mode C, the weighted BSFC of 25%, 50%, 75%, and 100% loads for Mode D considerably reduces by 0.33 g/kWh, whilst the weighted NOx emissions remain unchanged (equals to 3.4 g/kWh). In addition, the EGR rates for all investigated loads are close to each other, and they are all maintained at around 30%, which will make the matching of the TC-L and the TC-S less challenging, since the capacity ratio of the TC-L and the TC-S can satisfy the engine air flow requirements for all loads. Moreover, operation according to the proposed mode D improves the TC-L efficiency and reduces the risk of TC-L overspeed at 100% load.




3.5. Comparative Assessment between the BL-EGR and AL-EGR Engine Configurations


Figure 14 presents the BSFC penalty and the EGR blower power consumption for the BL-EGR engine configuration operating in the TIII mode (NOx emissions just meets the TIII limit of 3.4 g/kWh) and the AL-EGR engine configuration operating in Mode D (optimised TIII mode). Except for 100% load, the BSFC penalty of the BL-EGR engine configuration is significantly greater than that of the AL-EGR engine configuration (around 4.2 g/kWh, 5.8 g/kWh, and 4.0 g/kWh at 25%, 50%, and 75% loads, respectively). Moreover, the BL-EGR engine configuration exhibits a higher EGR blower power compared with the AL-EGR engine configuration. The excess EGR blower powers are around 17 kW, 7 kW, 83 kW, and 117 kW at 25%, 50%, 75%, and 100% loads, respectively.



Figure 7 and Figure 11 show that the BL-EGR and the AL-EGR engine configurations have significantly different effects on the TC performance. For the BL-EGR engine configuration, the compressor operating points in the TII mode and the EGR mode with 0% EGR rate coincide. When the EGR branch is activated, the EGR reduces the mass flow of exhaust gas flowing through the turbine, resulting in the TC turbine power reduction. As the EGR rate increases from 0% to 40%, the compressor operating point of the BL-EGR engine configuration gradually moves from the position in the TII mode to the lower left (lower flow rate and pressure ratio), resulting in the reduction efficiency (and the compressor surge margin), and, as a result, the engine BSFC deteriorates. To reduce the EGR impact on compressor performance, the CB valve opening is employed as an effective measure.



For the AL-EGR engine configuration, the TC-L compressor operating point in the EGR mode with 0% EGR rate exhibits the largest deviation from its position in TII mode (moving upwards and rightwards). At high engine loads, the engine operation with 0% EGR rate will cause the TC-L overspeed, as well as excessive pressure and exhaust gas temperature, which may lead to engine and TC-L damage. Therefore, the mode switching between the TII mode and the EGR mode at high engine loads must be avoided. In the TIII mode, the exhaust gas flows through the TC-L turbine, as only the TC-L operates (TC-S is deactivated). This improves the TC-L performance and, thus, the TC-L compressor retains sufficient efficiency and acceptable surge margin. This effect was found to be more pronounced when the engine operates at low loads. As a result, the engine BSFC penalty for the AL-EGR engine configuration is lower compared to the BL-EGR engine configuration.



The corresponding requirements for the mode switching between the TII mode and the EGR mode for the BL-EGR and the AL-EGR engine configurations are different. For the BL-EGR engine configuration, the mode switching only needs to activate or deactivate the EGR branch and does not involve the activation or deactivation of any TC. Therefore, there is no strict requirement to switch operating modes. For the AL-EGR engine configuration, the mode switching involves the activation or deactivation of the EGR and the TC-S branches. Correspondingly, appropriate switching requirements and procedures are necessary. For example, the switching between the TII mode and the EGR mode should be performed at low loads (less than 50% load is recommended).



Although the introduction of the CB system increases the control complexity of the BL-EGR engine configuration, stricter requirements are expected for the mode switching and control of the AL-EGR engine configuration. As the EGR and the TC-S systems share some pipelines and components (EGR cooler and water mist catcher), the AL-EGR engine volume and cost are expected to be lower compared to the BL-EGR engine.





4. Conclusions


Two alternative configurations of a large marine two-stroke engine equipped with EGR systems (the baseline (BL-EGR) engine configuration and the alternative (AL-EGR) one) were numerically investigated, parametrically optimised, and comparatively assessed. Models for both engine configurations were developed in GT-SUITE and validated against pertinent engine measured data, indicating adequate accuracy. The major concluding remarks derived from this study are the following:




	
Both engine configurations complying with the Tier II NOx emissions limits exhibit almost similar performance and emissions, as their turbochargers operate at similar efficiency ranges;



	
For both configurations, EGR rates between 22% and 36% are required to render the engine meet the Tier III NOx emissions limits;



	
For the BL-EGR engine configuration, the engine BSFC increase can be compensated by opening the cylinder bypass valve, which also results in lower EGR blower power;



	
For the AL-EGR engine configuration, excessive EGR rates should be avoided at low engine loads, whereas the cylinder bypass opening is recommended to compensate for the engine BSFC increase;



	
For the AL-EGR engine configuration, a fuel-optimised Tier II mode (Mode B) is proposed for operation at low loads, demonstrating BSFC reduction up to 2.9 g/kWh compared to Mode A (standard Tier II mode). Furthermore, a fuel-optimised Tier III mode (Mode D) is proposed, improving the engine BSFC by up to 2.1 g/kWh compared to the non-optimised Tier III mode (Mode C);



	
The EGR rates of the proposed optimised modes were close to 30%, which makes the matching of the TC-L and the TC-S less challenging;



	
The AL-EGR engine configuration operating at the Tier III mode is more efficient (BSFC penalty was found reduced up to 5.8 g/kWh) and requires lower EGR blower power (up to 117 kW) compared to the BL-EGR engine configuration;



	
Compared to the BL-EGR engine, the AL-EGR engine is expected to occupy less volume, since part of the required pipelines and components (EGR cooler and water mist catcher) are shared between the EGR and turbocharging systems. However, the control logic of the AL-EGR engine is expected to be slightly more complex.








Taking into account the enormous pressure exerted on the shipping industry to reduce NOx emissions, the results of this investigation are useful for facilitating the decision-making process when selecting of the most fuel-efficient engine configuration, as well as for the optimisation of the engine operating modes. Future studies will investigate the effects of the TC activation/deactivation and controls on the operation of the engine configurations with the EGR systems, whilst considering the degradation of engine components.
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Nomenclature




	    m t          
	Exhaust gas mass flow rate of turbine [kg/s]



	    p  m a x     
	Cylinder maximum pressure [bar]



	    p  c o m     
	Cylinder compression pressure [bar]



	    p  e x h     
	Exhaust gas receiver pressure [bar]



	    p  s c a     
	Scavenge air receiver pressure [bar]



	  P  
	Engine power [kW]



	    Q  c y l     
	Cylinder heat transfer loss [kW]



	    T  e x h     
	Scavenge air receiver temperature [K]



	    T  m a x     
	Peak temperature of burned zone [K]



	    T  s c a     
	Scavenge air receiver temperature [K]



	    W F    
	Weighting factor [-]



	    W  B S F C     
	Weighted average values of BSFC [g/kWh]



	    W  N O x     
	Weighted average values of NOx emissions [g/kWh]



	    W t    
	Turbine power [kW]



	  λ  
	Trapped air–fuel ratio [-]



	    η c    
	Compressor efficiency [-]







Abbreviations




	AL-EGR   
	Alternative engine configuration



	BL-EGR
	Baseline engine configuration



	BSFC
	Brake-specific fuel consumption



	BTV
	Blower throttle valve



	CB
	Cylinder bypass



	CBV
	Cylinder bypass valve



	CCV
	Compressor cut-out valve



	ECAs
	Emission Control Areas



	EGB
	Exhaust gas bypass valve



	EGR
	Exhaust gas recirculation



	HP-EGR
	High-pressure EGR



	LP-EGR
	Low-pressure EGR



	MCR
	Maximum continuous rating



	SOV
	EGR shut-off valve



	TC
	Turbocharger



	TC-L
	Large turbocharger



	TC-S
	Small turbocharger



	TCV
	Turbine cut-out valve



	TII
	Tier II



	TIII
	Tier III
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Figure 1. Baseline engine configuration (a) and alternative engine configuration (b) (CBV, cylinder bypass valve; EGB, exhaust gas bypass valve; WMC, water mist catcher; BTV, blower throttle valve; SOV, EGR shut-off valve; TCV, turbine cut-out valve; CCV, compressor cut-out valve). 
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Figure 2. Flowcharts of GT-SUITE models for: (a) the baseline (BL-EGR) engine configuration; and (b) the alternative (AL-EGR) engine configuration. 
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Figure 3. Predicted and measured cylinder pressure of the engine in the Tier II mode. 
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Figure 4. Comparison of predicted values against measured data for the BL-EGR and AL-EGR engine configurations at the Tier II mode. 






Figure 4. Comparison of predicted values against measured data for the BL-EGR and AL-EGR engine configurations at the Tier II mode.



[image: Jmse 10 00351 g004]







[image: Jmse 10 00351 g005 550] 





Figure 5. Relative percentage errors of the engine at the Tier II mode: (a) between predicted and measured values for the BL-EGR engine configuration; (b) between predicted and measured values for the AL-EGR engine configuration; and (c) predicted values for the BL-EGR and AL-EGR engine configurations. 
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Figure 6. Effects of BL-EGR engine configuration setting on performance and NOx emissions (λ, trapped air–fuel ratio;    T  m a x    , peak temperature of burned zone;    η c   , compressor efficiency;    W t   , turbine power;    m t   , exhaust gas mass flow rate of turbine). 
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Figure 7. Impact of the EGR rate and the CB rate on the compressor operating points of the BL-EGR engine configuration. 
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Figure 8. CB rate impact on engine performance and power consumption of an EGR blower for the BL-EGR engine configuration with 40% EGR rate. 
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Figure 9. Optimisation study results for the BL-EGR engine configuration operating at the Tier III mode. 
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Figure 10. Effects of AL-EGR on engine performance and NOx emissions (   Q  c y l    , cylinder heat transfer loss). 
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Figure 11. Effects of EGR rate on TC-L compressor operating points of the AL-EGR engine configuration. 
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Figure 12. Predicted BSFC, NOx emissions, and required EGR rate for the four studied engine operating modes. 
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Figure 13. TC-L compressor operating points for the four studied engine operating modes. 
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Figure 14. Engine BSFC penalty and EGR blower power of the BL-EGR and the AL-EGR engine configurations operating at the Tier III mode. 
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Table 1. Engine specifications.
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	Terms
	Value





	Cylinder bore [m]
	0.8



	Cylinder number [–]
	7



	Stroke to bore ratio [–]
	4.65



	Engine Speed at MCR 1 [rpm]
	58



	Brake Engine Power at MCR [MW]
	24.44



	Brake Mean effective pressure at MCR [bar]
	19.3



	NOx reduction technology
	EGR



	TC-L
	ABB A275



	TC-S
	ABB A265







1 MCR, Maximum continuous rating.
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Table 2. Recommended settings of the Genetic Algorithm in the Advanced Direct Optimizer (ADO).
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	Parameters
	Value





	Population size
	30



	Number of generations
	34



	Mutation rate
	0.5



	Mutation rate distribution index
	15
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Table 3. Recommended ranges of the DIPulse model coefficients.
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	Coefficients
	Minimum
	Maximum





	Ignition delay
	0.95
	2.8



	Entrainment rate
	0.3
	1.7



	Premixed combustion rate
	0.05
	2.5



	Diffusion combustion rate
	0.4
	1.4
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Table 4. Overview of the performed simulation runs.
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Model

	
Engine Load (%)

	
EGR Rate (%)

	
Scope






	
Model of the engine block assembly;

Model of the BL-EGR engine configuration;

Model of the AL-EGR engine configuration

	
25; 50; 75; 100

	
Not used

	
Validation against measured data




	
Model of the BL-EGR engine configuration

	
25; 50; 75; 100

	
0−40

	
Quantification of the variations of the engine performance and NOx emissions as function of the EGR rate

Assessment of the impact of the BL-EGR system on the compressor performance

Identification of the EGR rate to meet TIII limits




	
40

	
assess the effects of the CB rate for improving the TC performance and the electrical power consumption of the EGR blower




	
20−50

	
Optimisation of the CB and EGR rates to minimise the engine BSFC ensuring compliance with the TIII limits




	
Model of the AL-EGR engine configuration

	
25; 50; 75; 100

	
0−40

	
Quantification of the variations of the engine performance and NOx emissions as function of the EGR rate

Assessment of the impact of the AL-EGR system on compressor performance




	
Model of the AL-EGR engine configuration

	
25; 50; 75; 100

	
10−40

	
Recommendation of the most fuel-efficient operating modes for the AL-EGR engine configuration complying with TII and TIII limits
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Table 5. Relative percentage errors between predicted and measured values of the engine in the Tier II mode.
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Parameters

	
Load [%]




	

	
25

	
50

	
75

	
100






	
Cylinder maximum pressure    p  m a x    

	
−0.2

	
−0.2

	
0.3

	
1.3




	
Cylinder compression pressure    p  c o m    

	
0.2

	
−0.5

	
−0.1

	
1.8




	
Brake specific fuel consumption

	
−0.1

	
0.7

	
−0.5

	
0.3




	
Brake NOx emissions

	
−0.3

	
2.8

	
−0.7

	
1.0




	
Scavenge air receiver pressure 1    p  s c a    

	
−0.1

	
−0.6

	
0.8

	
0.2




	
Exhaust gas receiver pressure 1    p  e x h    

	
−0.1

	
−0.7

	
0.5

	
0.1




	
Scavenge air receiver temperature 2    T  s c a    

	
0.0

	
0.3

	
−0.1

	
−0.6




	
Exhaust gas receiver temperature 2    T  e x h    

	
−1.5

	
−3.2

	
−2.3

	
2.1








1 The absolute pressure was employed for calculating the pressure relative error. 2 K was used for calculating the temperature relative error.
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