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Abstract

:

The performance of a marine dual-fuel engine, equipped with an innovative hybrid turbocharger producing electric power to satisfy part of the ship’s electric load, is presented by a simulation comparison with the traditional turbocharging technology. The two distinct fuel types, combined with the hybrid turbocharger, involve a substantial change in the engine control modes, resulting in more flexible and efficient power management. Therefore, the investigation requires a numerical analysis depending on the engine load variation, in both fuelling modes, to highlight different behaviours. In detail, a dual-fuel engine simulation model is validated for a particular application in order to perform a complete comparison, reported in tabular and graphical form, between the two examined turbocharging solutions. The simulation analysis is presented in terms of the engine working data and overall energy conversion efficiency.
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1. Introduction


Due to the need to mitigate the harmful impact deriving from marine engines powered by fossil fuels, the regulations implemented over the years by the International Maritime Organisation (IMO) have set a challenging horizon, which requires new solutions to minimise the environmental footprint of the maritime sector [1]. In particular, IMO rules are increasingly restrictive about the ship’s polluting emissions of nitrogen and sulphur oxides (IMO Tier II and III, and ECA world areas [2]), while the energy efficiency design index (EEDI) has become mandatory for carbon dioxide [3,4]. This framework needs new measures to improve the energy conversion efficiency of propulsion engines and diesel–electric generators.



Currently, marine diesel engines have an efficiency of close to 50% but can be globally more efficient when combined with waste heat recovery (WHR) from their exhaust gas [5,6,7,8,9,10]. WHR steam plants allow achieving an overall efficiency improvement of 3 ÷ 5%, which corresponds to about the same percentage of carbon dioxide emission reduction. A further improvement in the ship’s energy efficiency can be achieved by installing WHR systems for dual-fuel (DF) marine engines [11,12,13]. It should be noted that natural gas (NG), in comparison with the traditional heavy fuel oil (HFO), reduces significantly emissions from the engine, as well as being 1 ÷ 2% more efficient at medium-high engine loads [14].



Mitsubishi Heavy Industries has recently developed an alternative method of exploitation regarding the engine’s exhaust gas thermal power, based on the hybrid turbocharger (HTC) technology [15,16]. The compressor turbine’s shaft line of the engine turbocharger integrates the high-speed electric motor/generator (EM/G). Thus, when the EM/G operates as an electric generator, it produces electricity to satisfy part of the ship’s electric load, reducing the diesel generators’ electric power, with a positive effect on fuel consumption and emissions. As far as the authors know, it is the only important application currently existing in the ship propulsion field. On the contrary, Formula One cars have been using HTC since 2014, and there are good application prospects for hybrid electric passenger cars [17,18] and fuel cell vehicles [19]. Scientific studies on marine applications are also rather limited: the study in [20] considers the HTC use for high-speed diesel engines aboard fast naval combatants, while in [21], the authors compare the simulation of a four-stroke DF marine engine equipped with its original turbocharger (TC) and, alternatively, with the HTC. The comparison between the two turbochargers demonstrated the validity of the HTC solution to increase the overall efficiency of the energy conversion system in the NG fuel mode. Obviously, this innovative turbocharging configuration requires controlling some important operational data, paying due attention especially to the different combustion control methods for the two fuel modes. Therefore, this second article extends the analysis of the two turbocharging solutions (TC and HTC) at different loads and speeds of the engine, including the HFO mode, for optimal management of the engine power in all its possible operating conditions. The main idea would be to provide, by numerical simulation, a series of operational data in the widest possible working range of the engine, for the evaluation of new smart ship propulsion solutions to complement the existing applications or studies [22,23,24]. In fact, the proposed innovation combines the advantages of thermal energy recovery with a new concept of hybrid power generation, differentiating itself from the traditional meaning of hybrid propulsive applications [22,25,26,27,28]. To this end, simulation results, concerning a MAN 51-60 DF 12V marine engine (Germany), are discussed after a brief description of a DF engine’s working principles and numerical modelling.




2. Materials and Methods


2.1. DF Engines


A marine DF engine is substantially derived from a compression-ignition (CI) engine by adding the capability to operate as a positive-ignition (PI) engine burning a gaseous fuel. The two working modes are completely different. In the diesel mode, the fuel is injected into the cylinder in a liquid phase and it ignites by compression; the air–fuel ratio (AFR) varies with the load. In NG mode, the fuel is injected and mixed with the air before the inlet valve and the ignition occurs as in a spark-ignition engine. In DF engines, the spark plug is replaced by a small liquid fuel injection, whose combustion is promoted by compression. The natural gas, depending on methane contents, has good resistance to autoignition, particularly when the mixture is lean; therefore, the engine compression ratio can be as high as in CI engines. The pilot fuel flame behaves as multiple sources of high-temperature points that move in the combustion chamber and fire up gaseous mixture burning. The value of air–fuel ratio (AFR), to avoid knocking and to achieve a stable combustion, varies between 1.7 and 2.1, depending on brake mean effective pressure (b.m.e.p.) and methane number; hence, in NG mode, a more refined and precise AFR regulation is required, mainly during transients. The airflow towards the cylinders can be controlled by acting on the pressure in the air inlet manifold; a fuel controller determines the right amount of gaseous fuel to be injected according to the value of the air receiver pressure, which becomes the main parameter to manage the NG-powered engine load. The turbocharger system must be designed to supply the proper airflow to the engine at the different loads, and this requires accurate control of the energy transferred from the exhaust gas to the charge air. Due to the increased efficiency of current turbochargers for marine engines, at higher loads, only a part of the exhaust flow is needed to guarantee a stable operation of the compressor and to avoid a dangerous increase of the boost pressure. A waste gate valve (WGV) on the exhaust line can control the boost pressure, bypassing the turbine and therefore reducing the energy to the compressor. The WGV system can be overcome by a variable geometry turbine that allows the pressure in the exhaust to be controlled manifold. In fact, the turbine cross-sectional area variation corresponds to a change in the turbine aspect ratio (AR) and, consequently, in the turbine performance map. There are different technical solutions to obtain such AR variation, including variable nozzle turbine, variable volute turbine, variable sliding ring turbine. In this study, a variable nozzle turbine area (VTNA) is considered. Although the peak efficiency of an AR variable turbine is lower than a corresponding fixed aspect ratio one, the overall turbocharger system efficiency is generally higher [29]. A further system to control pressure in the air inlet manifold is the adoption of a bleed valve (BV) at the intercooler outlet to discharge outside part of the airflow at the compressor outlet. Blowing off part of the air allows a faster and more precise control of the pressure in the air receiver, suitable for application requiring a constant set value of AFR during the transient. From the energetic point of view, blow-off operation, as in the case of WGV or VTNA, dissipates part of the compressor work without the possibility of further recovery.




2.2. Hybrid Turbochargers


Since the mid-1980s, the non-negligible energy content of the engine exhaust gases has been used to produce mechanical or electrical energy by means of auxiliary turbines [30]. More recently, taking advantage of the improved efficiency of marine turbochargers, a parallel configuration has also been adopted by deriving a portion of the exhaust gas flow (generally about 10%) to the auxiliary turbine. In this context, Mitsubishi Heavy Industries has developed an HTC, i.e., a turbocharging system, integrating an electric motor/generator (EM/G) [15]. The shaft of the turbogenerator is equipped with EM/G in a very compact installation so that a unique turbine drives the compressor and the electric motor. Installing an HTC gives the possibility to control the turbocharging system dynamics (i.e., turbocharger speed) and the compressor work to avoid BV use. Thus, the HTC generator mode can favourably convert the energy, otherwise dissipated by the blow-off process, into electric power. Alternatively, the HTC electrical machine can operate as a motor to support the compressor during transients at low loads, when the exhaust gas energy from the engine cylinders decreases considerably. Due to the very fast dynamics of electrical machines, this solution can improve greatly the overall system dynamics, particularly useful in gensets’ application, where sudden and large load variations can be common. Adding a VTNA gives the turbocharging system two degrees of freedom to optimise the working point for each load condition. The electric machine should be designed compactly enough to be mounted on the turbocharger shaft (usually on the compressor silencer side [15] or in the TC shaft [20]) and to withstand the very high rotational speeds (12 ÷ 20 krpm). In addition, the electrical design has to take into account the problems related to the high-frequency currents and magnetic flux variations. Finally, the HTC speed depends on the engine load condition; therefore, a bidirectional AC/AC converter is required to adapt current frequency and voltage to the ship’s electric power grid [21].





3. Simulation Case Study


The present analysis shows the behaviour of a marine DF engine in the TC/HTC alternative configurations, in both fuel modes. The examined engine is a four-stroke MAN 51-60 DF 12V [31], whose main characteristics are listed in Table 1 [21].



In the original version (i.e., TC equipment), the engine uses a BV to control the pressure in the air inlet manifold, determining the airflow rate to the cylinders. On the contrary, in the HTC configuration, illustrated in Figure 1, the BV is no longer essential for controlling the manifold air pressure, as previously stated. The compressor and turbine characteristics for the numerical modelling are assumed identical in the two different configurations.



3.1. Numerical Modelling


The HTC behaviour in the two possible operating modes is assessed through a complete thermodynamic simulation model of the engine, based on previous work [32]. Later, the authors updated the code by adding the HTC modelling [21] to show a performance comparison between the two different turbocharging systems, although limited to the NG fuel mode. As a next step, the present study aims to extend the comparison analysis to include the case of the HFO-powered engine in order to have a valid overview of the influence of the different working conditions and related combustion control methods on the behaviour of the engine in the two distinct turbocharging configurations. There is a large scientific literature on modelling of marine diesel engines, while simulation studies on DF engines are still limited. The models can be developed through specific programming languages [32,33] or commercial software [34,35], according to the different purposes [36,37,38,39]. The present DF engine simulator is arranged in a modular form, by using MATLAB-Simulink software. It is shown in Figure 2, where each engine module is represented [21].



The simulation follows a filling and emptying approach, in which each block provides features and performance of the pertinent engine components by means of algebraic, differential equations, and steady-state performance maps. The ideal gas equation is used to model the working fluid, while the specific internal energy and enthalpy are evaluated according to the temperature and fluid composition. The engine simulator requires the following main data: cylinders number and pertinent geometric characteristics; intake and exhaust valve data with opening/closing timing logics; compressor and turbine performance maps; VTNA variation; BV control details and ambient conditions.



As shown in Figure 2, the engine working conditions are represented by the rotational speed (N_E), the load signal (LOAD_s), and fuel type (HFO/NG_f). The actual engine cycle is calculated by the ‘cylinder’ module, in which the thermodynamic processes are modelled through a single zone approach, depending on the crank angle value. The cylinder inlet and exhaust mass flow rates through the poppet valves are given by the gas-dynamic equations adopted for the compressible fluid through a flow restriction (both subsonic and choked flow conditions are considered).



The combustion heat release fraction, depending on the crank angle and proportional to the fuel mass burned, is calculated through the double Wiebe equation, while the in-cylinder pressure variation is determined by integrating, at each crank angle step, the energy differential equation of a closed system.



However, the authors have already provided a broad explanation of the numerical model in [21,32]; therefore, this article prefers to delve into the main aspects of combustion control and power management, depending on the specific operating modes of the engine. The engine operates in the Miller cycle mode, being equipped with variable timing of the opening and closing phases of the intake valve. In this regard, different settings depend on fuel type (HFO or NG) and engine load, managed by the ‘engine governor’ module (Figure 2) giving the valves timing control signal (VT_cs) as output.



To optimise the engine performance under all operating conditions, the turbine of the turbocharger is characterised by a variable nozzle area (VTNA). This could represent a problem in the case of DF engines, because of the significant difference between the fuels’ lower heating value (42,700 kJ/kg for HFO, 49,000 kJ/kg for NG), the substantial difference in the combustion processes, and in the cylinder air–fuel ratios. For these reasons, the optimal turbocharger performance is different depending on the fuel used.



According to manufacturer indications [40], the VTNA is adopted only when using NG as fuel, while maximum turbine nozzle area is selected for the engine powered by HFO, under all operating conditions. Indeed, the exhaust gas flow rate is significantly higher over the entire operating range of the engine in HFO mode; therefore, the turbine in fully open condition can exploit all the exhaust thermal power. On the contrary, the gas mass flow rate is reduced by about 20% in NG mode [31], and therefore, it requires an appropriate adjustment of the turbine nozzle area, as the engine load decreases. The simulation of the VTNA turbine is based on the typical steady-state turbine performance maps [33]. As shown in Figure 3, reduced mass flow rate (M√Toi/poi) and efficiency (ηT) are functions of the expansion ratio. The VTNA is described by different curves, depending on the variable nozzle turbine actuator signal (VTNA_as), which is an output of the ‘VT nozzle area governor’ block in Figure 2. The influence of this parameter is evident in the generic turbine performance curves reported in Figure 3.



The TC turbine variable geometry nozzle ring is controlled, according to the logic indicated by the manufacturer [40], taking into account inlet and outlet turbine temperature (T_Ti and T_To), VTNA control signal (VTNA_cs) (depending in turn on the used fuel), compressor outlet pressure (p_Co), and turbocharger shaft speed (N_TC).




3.2. Engine Load Control


In the original version of the considered DF engine [31], equipped with a traditional TC, the engine load, proportional to the delivered torque, is controlled in different ways, depending on the fuel type used. When the engine is fuelled by HFO, the reference thermodynamic cycle is the diesel one; therefore, the classical approach of graduating the fuel mass injected into the cylinders is adopted. The engine load control considers also the BV opening, according to a logic depending on the engine speed and the fuel mass injected into the cylinders, as reported in [31]. In NG mode, the engine torque is controlled only by the BV, since the NG injection system keeps an almost constant value for the air–fuel ratio (about twice the stoichiometric value), in accordance with the Otto cycle. Similar to the HFO mode, an increase of the BV opening determines an engine torque decrease and vice versa. The amount of the bled air at the different operating points represents the capability of the control system to increase more or less quickly the boost pressure, depending on the manifold volume; when the BV is completely closed, there is the maximum increase in the inlet manifold pressure. In the engine simulator, the BV is modelled in the same way as a cylinder poppet valve [32]. On the contrary, in HTC engine configuration, the EM/G governor can vary its delivered electric power to control the turbocharger shaft speed [21], while the BV remains always closed. In fact, the HTC speed is obtained hrough he shaft dynamics equation as follows:


dω/dt = (1/J)∙(Q′T − Q′C − Q′EM/G)



(1)




where ω is the HTC shaft angular speed, J the rotor inertia, Q′T, Q′C, and Q′EM/G, respectively, the torque of HTC turbine, compressor, and electric motor/generator. Equation (1) shows that the HTC speed can depend on the EM/G torque (Q’EM-G), which can be used to control the turbocharger speed in both fuelling modes. In addition, the electric power generated by the EM/G is available to satisfy part of the ship’s electric load. The engine dynamic performance can also be improved by allowing the electrical machine to operate as a motor during the load transients. In the Simulink model, the ‘engine governor’ block is able to manage the engine load in all the possible engine control configurations (use of BV or HTC EM/G) and working conditions (i.e., HFO or NG fuel, constant or variable speed load). In particular, in the HTC engine configuration, the ‘engine governor’ block is scheduled to maintain the same working conditions of cylinders and turbocharging turbine considered in the case of the original TC, corresponding at the same engine load and speed. This is possible through its output EM/G control signal (‘EM/G_cs’ in Figure 2), which controls the EM/G delivered electric power (‘P_el’, output of the ‘electric motor-generator’ block). The ‘P_el’ parameter has an influence on the Q′EM/G value, therefore on the HTC angular velocity (ω), according to Equation (1).





4. Results and Discussion


In this section, the simulator results obtained for the TC engine configuration are compared with the engine data sheet [31], referred to as steady-state working conditions between 25% and 100% of the load, both at constant (514 rpm) and at variable speed.



Table 2 shows the results of this comparison as percentage errors, for both possible fuels (HFO or NG). The table (where Co and To represent the compressor and turbine outlet sections) shows good accuracy of the engine simulator results, particularly at medium-high engine loads, for both types of used fuels. No significant differences between constant and variable speed running conditions are detected.



As regards the engine efficiency (ηE), the simulation results reported in Figure 4a (HFO-powered TC engine) and Figure 4b (NG-powered TC engine) depend on engine power, fuel mass flow rate, and fuel lower heating value. The data are normalised with respect to the TC engine configuration, working at the maximum continuous rating (MCR) of the HFO-powered engine. The figure shows for both fuel types a very good agreement between calculated and reference data, in every operating condition (constant/variable speed). The NG mode is more efficient than HFO at high engine loads; on the contrary, the engine efficiency is greater in HFO mode at very low loads and at variable speed.



In order to investigate the influence of some important parameters on engine power management, the VTNA device performance is assessed in Figure 5. In addition to the good agreement between simulation and reference data [40], in both conditions of VTNA fully opened (HFO mode) and for different nozzle areas (i.e., variable VTNA, NG-powered engine), the best efficiency is provided at 70% of the engine load.



The good accuracy of the overall simulation results makes the simulator suitable for the examined case study.



4.1. Turbochargers’ Influence on Engine Performance


The simulation model is mainly used to show the engine performance differences due to the use of the HTC as an alternative to the original TC. The comparison is carried out in both HFO and NG modes, for different engine loads at constant and variable speed working points. In detail, Table 3 and Table 4 and refer to the engine loads equal to 100%, 85%, 75%, 50%, and 25% of MCR.



The electric power generated by the HTC is also reported in Table 3 as a percentage of the mechanical engine power (line 6) and shows the significant power rate recovered by the HTC, for both fuels, especially at high loads (i.e., 100% and 85%).



At the engine medium loads (i.e., 75% and 50%), the recovered power increases in gas mode, while it reduces progressively in the HFO-powered engine condition. At a very low engine load (25%), the EM/G power decreases but remains quite substantial in the case of NG fuel, while it drops considerably for HFO. The different values of the EM/G power between the two fuels are mainly due to the following:




	
A greater NG lower heating value, compared to that of HFO (49,000 kJ/kg for NG; 42,700 kJ/kg for HFO);



	
A substantial difference of the combustion processes;



	
A different equivalence ratio in the cylinders (this last quantity is defined by dividing the AFR value by the stoichiometric ratio).








As regards the latter, Figure 6 reports the equivalence ratio values versus the engine load, at constant and variable speed conditions, for both fuels.



The equivalent ratio, in the case of constant engine speed and HFO mode, strongly decreases when the engine load increases, while it remains almost constant in the other operating conditions.



The quantities in Table 3, from line 7 to line 20, are shown in a form expressed through the following generic equation:


Δx% = (xHTC − xBV)∙100/xBV



(2)




where x is the generic variable, and the subscripts HTC and BV indicate, respectively, the engine adopting the HTC and the conventional TC using BV. The HTC use, in comparison with the original TC, involves not negligible and sometimes high variations of the parameters, considered from lines 7 to 11 as the TC speed and the compressor behaviour. On the other hand, the cylinder and the turbine parameters (lines 12–20), as well as the engine indicated mean effective pressure (i.m.e.p.), show negligible variations in these parameters consequent to the HTC adoption. This is mainly due to the abovementioned ‘engine governor’ setting of the simulator. Table 4 reports the same simulation analysis, although referring to the engine working at variable speeds. A similar behaviour is noticed between the two engine speed conditions.



Figure 7 reports the compressor working points for the HFO-powered engine, according to a normalised representation.



In particular, Figure 7a, pertaining to the TC engine configuration, shows the working conditions in the compressor map, for different engine loads (100%, 85%, 75%, 50%, and 25% of the MCR power) at both constant and variable engine speed settings. The comparisons with Figure 7b, concerning the HTC compressor map, show a reduction in the compression ratio, volumetric mass flow, and TC speed in all the engine load conditions. The main reason for these differences is that the whole air mass flow rate is introduced into the HTC engine cylinders, while in the case of the original TC, a part of the airflow is discharged into the environment by the bleed valve (see Figure 1).



The compressor outlet pressure is higher in the TC application, while by using HTC (at the same engine power and speed), the conditions of the flow in the intake manifold (i.e., pressure, temperature) are about the same in the two cases. In fact, with the BV partially opened to control the TC engine, the air pressure in the intake manifold becomes lower than the compressor outlet pressure. This does not occur for the HTC, because in this case, the BV is always closed and the pressure in the intake manifold is practically equal to that of the turbocharger compressor outlet (except for a small pressure loss due to friction). In the engine simulation model, the BV effect on the inlet manifold flow conditions is assessed by the mass and energy dynamic equations [33].



Figure 8a shows again the compressor working points corresponding to the same engine loads and speeds of Figure 7a but for the NG-powered TC engine. For every engine load condition, the comparison shows a reduction in the compression ratio, volumetric mass flow, and TC speed. This difference between the two fuels is mainly due to the same reasons regarding the power recovered by HTC. The comparison between Figure 8a,b, with the latter pertaining to the engine equipped with HTC, shows that similar to the HFO mode and for the same reasons, the HTC for the NG-powered engine also involves a reduction in the compressor compression ratio, volumetric mass flow, and TC speed.




4.2. Turbochargers’ Influence on the Engine Overall Efficiency


Figure 9 reports the normalised engine efficiency versus engine load and working conditions (constant/variable speed) in HFO (Figure 9a) and NG (Figure 9b) engine modes.



The HTC engine efficiency is defined as:


ηE HTC% = ((PE + Pel EM/G)∙100)/(Mf FLHV)



(3)




where Pel EM/G is the electric power delivered by the electric motor/generator.



Both Figure 9a,b show that the use of the HTC increases the overall engine efficiency by about 2.5% at high loads (85–100% of the MCR power), in both constant and variable engine speed conditions.



For the HFO-powered engine, Figure 9a shows also that the difference between the efficiency of the HTC engine and TC engine remains about constant; a slight reduction is mainly observed at minimum load (25% of the MCR power) when the engine is running at a constant speed. The reduction in the efficiency difference between TC and HTC is more evident at the variable speed condition, especially at 25% of the engine load; this is due to the strong reduction in the HTC EM/G electric power produced at the low loads, as reported in line 5 of Table 4.



Figure 9b, relating to the NG engine mode, shows the efficiency advantage already observed for all engine loads (25 ÷ 100% of the MCR power), with an increase of up to about 3% at 50% engine load, at variable speed. At constant speed (dash and dot lines in Figure 9b), the efficiency advantage of the HTC engine increases progressively as the engine load decreases, to almost 5% at 25% of the engine load.



This different behaviour of the engine powered by HFO or NG is due to several factors as the VTNA turbocharger for the NG-powered engine (see Figure 5), the different combustion modes, and reference thermodynamic cycles of the two fuels (i.e., Diesel cycle for HFO, Otto for NG). Moreover, the two fuels require different cylinder equivalence ratio values, depending on the engine load (see Figure 6).





5. Conclusions


The present simulation analysis aims to investigate the behaviour of a marine DF engine for distinct turbocharging configurations and fuel modes. The particular engine load control, due to the use of an innovative hybrid turbocharger, combined with a proper combustion control method (depending on whether gas or diesel oil is used), can lead to significant advantages in the system’s overall efficiency and hence should be considered for better power management in ships. To this end, an engine simulator has allowed testing control devices and performance for the examined application. The comparative analysis of the simulation results represents the main purpose of the work, as the shown numerical tables and graphs collect useful information for efficient use of the innovative hybrid system. In this regard, although the HTC use, in comparison with the traditional turbocharger, leads to significant variations of the compressor operating conditions, no relevant changes in the engine hot components (cylinder and TC turbine), and consequently, in the efficiency of the thermodynamic cycle, are present. Again, the mass flow rate of the exhaust gases and their temperature downstream of the turbocharging turbine do not depend on the type of turbocharger used (original TC or HTC). This last aspect could be important because, for example, the turbocharger configuration would not affect the possible installation of WHR steam plants to improve the ship’s energy efficiency further.



Finally, with a view to the development of adequate smart control strategies, it is useful to notice a more significant increase in the overall efficiency of the NG-powered HTC engine, especially at low and medium loads.
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Nomenclature








	AFR
	Air–fuel ratio



	AR
	Aspect ratio



	b.m.e.p.
	Brake mean effective pressure



	BV
	Bleed valve



	CI
	Compression ignition



	DF
	Dual fuel



	ECA
	Emission control areas



	EEDI
	Energy efficiency design index



	EM/G
	Electric motor/generator



	FLHV
	Fuel lower heating value



	HFO
	Heavy fuel oil



	HTC
	Hybrid turbocharger



	i.m.e.p
	Indicated mean effective pressure



	IMO
	International maritime organisation



	J
	Rotor inertia



	m or M
	Mass



	MCR
	Engine Maximum Continuous Rating



	NG
	Natural gas



	P
	Power



	PI
	Positive ignition



	Q′
	Torque



	s.f.c.
	Specific fuel consumption



	T
	Temperature



	TC
	Turbocharger



	V
	Volume



	VTNA
	Variable turbine nozzle area



	WGV
	Waste gate valve



	WHR
	Waste heat recovery



	x
	Generic variable



	xb
	Fuel mass burned fraction



	η
	Efficiency



	ω
	Angular speed



	Subscripts
	



	a
	Ambient



	b
	Burned



	BV
	Bleed valve



	C
	Compressor



	E
	Engine



	el
	Electric



	EM/G
	Electric motor/generator



	f
	Fuel



	HTC
	Hybrid turbocharger



	i
	Inlet



	o
	Outlet



	T
	Turbine



	TC
	Turbocharger



	Symbols
	



	EM/G_cs
	Electric motor/generator control signal



	HFO/NG_f
	Engine fuel type



	HFO/NG_Mf
	Cylinder fuel mass flow rate



	LOAD_s
	Engine load signal



	M_BV
	Bleed valve mass flow rate



	M_C i
	Compressor inlet mass flow rate



	M_cy
	Cylinder inlet mass flow rate



	M_cy o
	Cylinder outlet mass flow rate



	M_T o
	Turbocharger turbine outlet mass flow rate



	N_E
	Engine speed



	N_TC
	Turbocharger speed



	p_C o
	Compressor outlet pressure



	p_cy i
	Cylinder inlet pressure



	p_T i
	Turbocharger turbine inlet pressure



	P_el
	Electric motor/generator electric power



	Q′_C
	Turbocharger compressor torque



	Q′_E o
	Engine torque



	Q′_EM/G
	Electric motor/generator torque



	Q′_T
	Turbocharger turbine torque



	T_C o
	Compressor outlet temperature



	T_cy i
	Cylinder inlet temperature



	T_cy o
	Cylinder outlet temperature



	T_T i
	Turbocharger turbine inlet temperature



	T_T o
	Turbocharger turbine outlet temperature



	VT_c
	Cylinder valves timing control signal



	VTNA_as
	Turbocharger variable turbine nozzle area actuator signal



	VTNA_cs
	Turbocharger variable turbine nozzle area control signal
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Figure 1. Engine equipment scheme in HTC configuration. 
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Figure 2. HTC engine simulator in Simulink environment [21]. 
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Figure 3. Typical VTNA turbine performance map. 
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Figure 4. Comparison between calculated and reference efficiencies (normalised with respect to the HFO-powered TC engine) in diesel fuel mode (a) or gas mode (b). 
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Figure 5. VTNA turbocharger efficiency comparison between simulation and reference data. 
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Figure 6. Cylinder equivalence ratio for different fuel types and engine speed conditions. 
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Figure 7. Working points in the compressor map for the HFO-powered engine, with original TC (a) and HTC (b), at constant and variable engine speeds NE. 
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Figure 8. Working points in the compressor map for the NG-powered engine, equipped with original TC (a) and HTC (b), at constant and variable engine speeds NE. 
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Figure 9. Normalised efficiency of the engine powered by HFO (a) and NG (b) for TC/HTC engine conditions (constant/variable speed). 
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Table 1. Engine dimensions and design data [21].
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	MAN 51-60 DF 12V
	HFO/NG





	engine length (mm)
	10,254



	height (mm)
	5517



	width (mm)
	4713



	dry weight (t)
	189



	cylinders number
	12V



	bore (mm)
	510



	stroke (mm)
	600



	fuel type
	HFO/NG



	brake power (kW)
	12,000



	speed (rpm)
	514



	b.m.e.p. (bar)
	19.1



	s.f.c. (g/kWh)
	189/157



	charge air pressure (barg)
	4.29/3.77
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Table 2. Errors (%) comparison between reference data and simulation.
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Delivered Engine Power

	
Results at Constant Engine Speed (514 rpm): Without Brackets




	
Results at Variable Engine Speed: In Brackets [ ]




	
% (rpm)

	
s.f.c

	
Co Air Mass Flow

	
Charge Air pr.

	
Co Temp.

	
To Temp.






	

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG




	
100 (514 rpm)

	
0.21

	
0.49

	
0.06

	
0.32

	
0.12

	
−0.23

	
1.37

	
0.46

	
0.00

	
1.05




	
[0.17]

	
[0.36]

	
[−0.11]

	
[0.21]

	
[0.08]

	
[0.07]

	
[−0.56]

	
[0.18]

	
[−0.32]

	
[0.82]




	
85 (514 rpm)

	
−0.79

	
−0.57

	
−2.18

	
0.78

	
−0.48

	
1.02

	
−1.03

	
0.01

	
1.23

	
1.36




	
[−0.65]

	
[−0.46]

	
[1.82]

	
[0.85]

	
[−0.36]

	
[0.74]

	
[1.08]

	
[0.02]

	
[1.15]

	
[0.93]




	
75 (501 rpm)

	
0.29

	
−0.45

	
−0.97

	
−1.52

	
−1.97

	
2.21

	
−1.23

	
0.00

	
0.87

	
1.39




	
[−0.31]

	
[−0.48]

	
[−0.45]

	
[−1.08]

	
[−2.04]

	
[1.51]

	
[1.74]

	
[0.02]

	
[−1.06]

	
[1.78]




	
50 (442 rpm)

	
−0.19

	
0.24

	
0.31

	
−0.65

	
−1.21

	
1.52

	
−1.42

	
1.38

	
−2.11

	
2.42




	
[0.43]

	
(0.71]

	
[−0.19]

	
[−1.02]

	
[−0.84]

	
[1.03]

	
[1.05]

	
[1.53]

	
[−1.73]

	
[1.67]




	
25 (402 rpm)

	
−1.01

	
−0.34

	
_

	
_

	
_

	
_

	
_

	
_

	
_

	
_




	
[−0.67]

	
[−0.43]
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Table 3. TC and HTC comparison for different fuels and engine working points at constant speed.
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Line

	
Engine Parameters

	
Engine Loads and Fuel Type






	
1

	
Engine power (%)

	
100

	
85

	
75

	
50

	
25




	
2

	
Engine power (kW)

	
12,000

	
10,260

	
9000

	
6000

	
3000




	
3

	
Engine speed (rpm)

	
514

	
514

	
514

	
514

	
514




	
4

	
Fuel type

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG




	
5

	
EM/G electric power (kW)

	
526

	
498

	
426

	
551

	
320

	
671

	
203

	
562

	
87

	
351




	
6

	
EM/G electric power (%)

	
4.38

	
4.15

	
4.15

	
5.37

	
3.55

	
7.45

	
3.38

	
9.37

	
2.91

	
11.70




	
7

	
Turbocharger speed (Δ%)

	
−5.29

	
−4.86

	
−5.81

	
−7.51

	
−4.88

	
−10.97

	
−11.31

	
−28.41

	
−10.52

	
−23.68




	
8

	
Air compression ratio (Δ%)

	
−9.73

	
−7.70

	
−5.72

	
−10.95

	
−3.64

	
−15.15

	
−5.34

	
−24.79

	
−1.37

	
−17.69




	
9

	
Compressor temperature (Δ%)

	
−3.26

	
−3.85

	
−2.84

	
−4.44

	
−2.09

	
−5.46

	
−3.13

	
−6.52

	
−1.43

	
−6.89




	
10

	
Compressor air flow rate (Δ%)

	
−8.19

	
−7.70

	
−10.53

	
−10.31

	
−10.03

	
−14.47

	
−15.23

	
−22.70

	
−14.68

	
−16.95




	
11

	
Compressor efficiency (Δ%)

	
2.09

	
−0.12

	
1.65

	
0.65

	
1.86

	
1.60

	
1.21

	
0.97

	
2.68

	
1.06




	
12

	
Cylinder air flow rate (Δ%)

	
0.06

	
0.01

	
−0.18

	
−0.01

	
−0.31

	
0.01

	
0.03

	
0.01

	
0.08

	
0.01




	
13

	
Cylinder air temperature (Δ%)

	
−0.29

	
−0.51

	
−0.25

	
−0.68

	
−0.23

	
−0.61

	
−0.06

	
−0.29

	
−0.07

	
−0.79




	
14

	
Cylinder exhaust gas flow (Δ%)

	
0.06

	
0.01

	
−0.18

	
0.02

	
−0.32

	
0.01

	
0.04

	
0.02

	
0.08

	
0.02




	
15

	
Turbine expansion ratio (Δ%)

	
−0.03

	
0.22

	
−0.51

	
1.17

	
−0.24

	
0.58

	
−0.17

	
2.62

	
−0.15

	
5.42




	
16

	
Turbine inlet pressure (Δ%)

	
−0.03

	
0.21

	
−0.18

	
0.39

	
−0.28

	
0.61

	
−0.22

	
0.25

	
0.07

	
0.32




	
17

	
Turbine inlet temperature (Δ%)

	
−0.11

	
−0.12

	
0.10

	
−0.17

	
0.18

	
−0.34

	
−0.07

	
−0.21

	
−0.06

	
−0.58




	
18

	
Turbine outlet temperature (Δ%)

	
−0.10

	
−0.11

	
0.13

	
−0.14

	
−0.21

	
−0.27

	
−0.01

	
−0.10

	
−0.05

	
−0.24




	
19

	
Turbine efficiency (Δ%)

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
−0.01

	
−0.01

	
−0.01

	
0.01




	
20

	
Engine i.m.e.p. (Δ%)

	
0.02

	
−0.02

	
−0.01

	
−0.02

	
−0.01

	
−0.03

	
0.03

	
−0.01

	
0.00

	
−0.02
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Table 4. TC and HTC comparison for different fuels and engine working points at variable speeds.
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Line

	
Engine Parameters

	
Engine Loads and Fuel Type






	
1

	
Engine power (%)

	
100

	
85

	
75

	
50

	
25




	
2

	
Engine power (kW)

	
12,000

	
10,260

	
9000

	
6000

	
3000




	
3

	
Engine speed (rpm)

	
514

	
514

	
501

	
462

	
402




	
4

	
Fuel type

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG

	
HFO

	
NG




	
5

	
EM/G electric power (kW)

	
526

	
498

	
426

	
551

	
293

	
571

	
98

	
576

	
27

	
226




	
6

	
EM/G electric power (%)

	
4.38

	
4.15

	
4.15

	
5.37

	
3.25

	
6.34

	
1.63

	
9.60

	
0.90

	
7.53




	
7

	
Turbocharger speed (Δ%)

	
−5.29

	
−4.86

	
−5.81

	
−7.51

	
−3.59

	
−11.85

	
−22.21

	
−29.12

	
−17.15

	
−21.36




	
8

	
Air compression ratio (Δ%)

	
−9.73

	
−8.19

	
−5.72

	
−10.95

	
−3.84

	
−14.11

	
−3.17

	
−21.69

	
−1.15

	
−18.68




	
9

	
Compressor temperature (Δ%)

	
−3.26

	
−3.85

	
−2.84

	
−4.44

	
−1.92

	
−5.46

	
−1.23

	
−6.52

	
−0.61

	
−6.89




	
10

	
Compressor airflow rate (Δ%)

	
−8.19

	
−7.70

	
−10.53

	
−10.31

	
−7.41

	
−13.27

	
−7.34

	
−20.66

	
−6.89

	
−17.95




	
11

	
Compressor efficiency (Δ%)

	
2.09

	
0.12

	
1.65

	
0.65

	
2.21

	
1.71

	
2.44

	
1.29

	
1.09

	
2.02




	
12

	
Cylinder airflow rate (Δ%)

	
0.06

	
0.01

	
−0.18

	
0.02

	
0.24

	
0.01

	
−019

	
−0.01

	
−0.23

	
0.01




	
13

	
Cylinder air temperature (Δ%)

	
−0.29

	
−0.55

	
−0.25

	
−0.63

	
−0.19

	
−0.59

	
−0.14

	
−0.43

	
−0.02

	
−0.66




	
14

	
Cylinder exhaust gas flow (Δ%)

	
0.06

	
0.01

	
−0.18

	
−0.01

	
0.23

	
0.01

	
−0.20

	
−0.01

	
−0.23

	
0.02




	
15

	
Turbine expansion ratio (Δ%)

	
−0.03

	
0.21

	
−0.51

	
1.18

	
−0.49

	
0.58

	
−0.22

	
2.43

	
0.00

	
3.29




	
16

	
Turbine inlet pressure (Δ%)

	
−0.03

	
0.22

	
−0.18

	
0.16

	
−0.04

	
0.53

	
−0.17

	
0.34

	
−0.08

	
0.27




	
17

	
Turbine inlet temperature (Δ%)

	
−0.11

	
−0.14

	
0.10

	
−0.16

	
−0.23

	
−0.39

	
0.08

	
−0.26

	
0.12

	
−0.45




	
18

	
Turbine outlet temperature (Δ%)

	
−0.10

	
−0.11

	
0.13

	
−0.14

	
−0.19

	
0.26

	
0.11

	
0.15

	
0−09

	
−0.33




	
19

	
Turbine efficiency (Δ%)

	
0.00

	
0.00

	
0.00

	
−0.01

	
0.00

	
0.00

	
0.01

	
0.01

	
−0.01

	
0.01




	
20

	
Engine i.m.e.p. (Δ%)

	
0.02

	
−0.01

	
−0.01

	
−0.03

	
−0.04

	
−0.01

	
−0.02

	
−0.02

	
−0.03

	
−0.02
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