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Abstract

:

Hydrogen is an effective route for achieving zero carbon dioxide emissions, with a contained cost compared to electric powertrains. When considering the conversion of spark ignition (SI) engines to H2 fueling, relatively minor changes are required in terms of added components. This study looks at the possibility of converting a small-size passenger car powered by a turbocharged SI unit. The initial evaluation of range and peak power showed that overall, the concept is feasible and directly comparable to the electric version of the vehicle in terms of powertrain performance. Injection phasing effects and cylinder imbalance were found to be potential issues. Therefore, the present work applied an 0D/1D simulation for investigating the effects of hydrogen fueling with respect to the likelihood of backfire. A range of engine speeds and load settings were scrutinized for evaluating the possibility of achieving the minimal risk of abnormal combustion due to pre-ignition. Ensuring the correct flow was predicted to be essential, especially at high loads and engine speeds. Fuel delivery phasing with respect to valve intake and closing events was also found to be a major factor that influenced not only backfire occurrence but conversion efficiency as well. Interactions with the electronic control unit were also evaluated, and additional requirements compared to standard conversion kits for LPG or CNG fueling were identified.
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1. Introduction


Battery electric vehicles are foreseen to be the dominant choice of propulsion for the passenger car sector [1,2], while heavy-duty applications may have an important component that will feature hydrogen-fueled internal combustion engines (ICEs) [3]. Nonetheless, small-size passenger cars powered by H2 ICEs could be a valid approach for achieving zero greenhouse gas emissions (given the use of a carbon-free fuel) in a cost-effective manner and with reduced environmental impact [4].



There are several issues that need to be covered when considering the use of hydrogen in ICEs, be it spark ignition (SI) or compression ignition units [5,6]. These range from component failure-related phenomena [7] to dual-fuel-specific interactions [8] and even safety issues [9]. Combustion properties are one of the defining aspects for H2 [5]; high laminar flame speed can provide improvements in efficiency and better stability [10], but also limits the power density due to pressure rise rate constraints [11]. Reduced volumetric efficiency is another aspect that needs to be considered [12], with direct effects on ancillaries such as turbo- or super-chargers. Direct injection can partially mitigate this shortcoming [13,14] and significantly reduce the risk of backfire [15]. On the other hand, this reduces the possibility of maximizing fuel tank emptying or requires a dedicated high-pressure pump. The placement of injectors also exerts an important influence on mixture formation in port fuel injection (PFI) mode [16], and extensive efforts may be required for optimizing the energy balance [17], especially for avoiding abnormal combustion phenomena [18]. All these aspects highlight several difficulties of applying hydrogen fueling in ICEs. There are even aspects related to flame-oil film interactions that can result in a negative influence on emissions [19,20]. Nonetheless, SI units are relatively easy to convert to hydrogen fueling (even if not as straightforward as fuels such as compressed natural gas [21]), and a demonstration of close-to-commercial H2 vehicles [22] has shown that achieving practically zero emissions is possible.



Within this context, the present study looks at the conversion of a small-size passenger car to H2 operation. Specifically, the risk of backfire and how it correlates with fuel system requirements were investigated. The main goal was to identify the injection flow characteristics required for operating the SI power unit converted to hydrogen as safely as possible. Several operating conditions were examined from this point of view by applying a 0D/1D simulation. Compared to the previous versions of the model [23,24], the injection rate was taken as a variable for gaseous fuels, and the combustion characteristics of methane and propane were also implemented. A control-oriented approach ensured the modeling requirements for defining the boundary conditions for calculating the H2 concentrations in the intake port at the intake valve opening (IVO). This parameter was deemed as the defining condition for evaluating the risk of backfire. Fuel delivery rate was found to be the main factor that needs to be considered when developing the H2 injection system. Furthermore, the study looked at cylinder-to-cylinder variations in the air–fuel ratio so as to cover this possible issue as well. The correct choice of the start of injection can bring significant advantages throughout the range of conditions encountered during urban and highway driving of a small-size passenger car.




2. Materials and Methods


A two-seater vehicle weighing 720 kg was considered for the study; in the entry segment its power unit featured a peak power of 40 kW with gasoline fueling and ensured a top speed of 135 km/h. It can be taken as representative of small-size passenger car segments. Overall, the concept feasibility in terms of conversion to H2 was previously validated with respect to driving range and peak power operation [23]. The main conclusion was that adding a 30 L H2 container at 700 bar (alongside a 22 L gasoline tank) would ensure around a 100 km range of the gaseous fuel. Complete substitution of the liquid fuel tank would increase the H2 range to around 170 km, which is completely comparable with the 130 km range figure of the electric version of the vehicle [25].



One of the first steps in propulsion design is to size the unit for peak requirements. As previously mentioned, H2 fueling was found to be compatible with the rated power figure recorded with gasoline [23]. In the current study, liquefied petroleum gas (LPG) and compressed natural gas (CNG) operation was also considered (by simulating propane and methane combustion) so as to give an idea of gaseous fuel requirements in terms of rated flow. It should be noted that the engine load (i.e., in terms of overall indicated/brake mean effective pressure, or IMEP/BMEP) was the same for all fuel types. Apart from the peak power condition, urban and highway use were also considered, by calculating equivalent engine output at vehicle speeds of 30, 50, 90 and 130 km/h. A gear-shift strategy around 3000 rpm was taken as representative for the automated manual gearbox fitted to the vehicle. With the combination of possible transmission ratios, engine speed was calculated for each of the four points, and the load was modeled so as to ensure constant vehicle speed; more details are available in [24].



Figure 1 shows an overall layout of the engine (only for illustration purposes, even if efforts were taken to reflect the real setup with respect to air and exhaust gas paths) that was considered for the analysis, while Table 1 shows its main specifications (TDC stands for top dead center and a/b prefixes stand for after/before; reference is made to the firing TDC). The gas injectors are shown as located upstream in the intake runners (only for illustration purposes), but the actual location in the simulations was considered close to the intake port (i.e., at the end of the intake runner). Several parameters that are usually employed as the basis for developing control strategies are also indicated close to the component in which they are monitored.



The simulation framework included the development a 0D/1D model [26] in which components were designated as combinations of simple volumes (e.g., the ports were taken as round pipes, while the intake manifold was considered as equivalent to a series of T-elements; pressure drop across the air filter, which was of the order of mbar [27,28,29] was included as a restriction; etc.). Figure 2 illustrates this concept, as well as the control-oriented approach, for which injection, ignition and wastegate actuation were performed by proportional-integral-derivative (PID) controllers. Most model specifics are available in [23]. In addition to the previous version of the model, a compressor surge limit was implemented in the PID-turbo component that actuates the wastegate opening, as well as adding a PID-spark element that featured a target of 9 deg aTDC for the 50% mass fraction burned (MFB) combustion phasing parameter. A reduction in the spark advance was implemented as a limit in the PID controller when knocking was predicted.



The specifications listed in Table 1 were used as direct input values for the model. Several were identified in a workshop repair manual (e.g., full-load torque curve, connecting rod length, etc.), while others were measured directly on a disassembled unit (e.g., the valve lift profiles). Unfortunately, there were no in-cylinder pressure measurements available for model validation. Nonetheless, the fact that the compressor pressure ratio was modeled very close to the 1.5 turbocharger original equipment manufacturer (OEM) value specified for gasoline operation at peak power can be seen as partial validation. Furthermore, simulations of MFB10-90 and pressure rise rate at full load, 2000 rpm, resulted in relative H2-gasoline differences completely in line with the findings reported in [14] at a similar engine load; this can also be seen as (at least) partial validation of the relative differences when considering different fuels.



Other settings were kept within the same concept of stoichiometric operation with gaseous fuels (as compared to lambda 0.9 for gasoline at high load), while the combustion sub-model was implemented by choosing the default laminar flame speed correlations for methane (taken as representative for CNG) and propane (that can be considered as representative for LPG). More to the point, for gasoline, methane and propane, the choice was straightforward by simply using the data built into the software, while for hydrogen, the correlation found in [30] was implemented as a combination of look-up tables. This choice was based on the fact that the measurements in [30] are close to conditions usually found during combustion in SI engines (i.e., a rapid compression machine was employed); the fact that the resulting correlation was successfully used in computational fluid dynamics (CFD) simulations to accurately model H2 combustion in stoichiometric and lean conditions [31] is another reason for the aforementioned choice.




3. Results and Discussion


A basic approach when considering the conversion of a power unit to hydrogen must include an evaluation of the fluid flow through the engine. As initial constraints, the injectors need to provide enough fuel to ensure the intended air–fuel ratio, within the minimum dwell time given by the maximum engine rpm. Following this logic and considering the 5250 rpm as the rated engine speed, a minimum flow rate of around 62 g/min results for gasoline. Comparing this figure with the 91.5 g/min n-heptane OEM flow at 3 bar rail pressure, a dwell margin of almost 40% is ensured. Similar considerations for propane and methane (by hypothesizing the same conversion efficiency as with gasoline) result in 52 and 48 g/min minimum flow requirements with zero dwell margin. With H2 fueling, an additional constraint was set a priori so as to reduce the risk of backfire; specifically, the entire injection event would need to be completed during the intake stroke, thus resulting in a minimum flow of 96 g/min.



All these calculations are straightforward and can be taken as a first step for developing a conversion solution to H2 fueling. A more detailed analysis is, however, required for covering other specific aspects that highlight the complexity of fluid dynamics phenomena and combustion. Simulations were performed for all the intended conditions of load and fuel type. Starting with the peak power flow rate requirements, the model was applied for each fuel.



3.1. Effect of Injector Rate of Delivery


Starting with the flow figures determined with the rule-of-thumb approach, simulations were performed within a wide range of injector flows so as to scrutinize the effect of this parameter at peak engine power. In an initial hypothesis, all cases were considered to feature start-of-injection settings (SOI) of 360 deg bTDC. Figure 3 shows the predicted fuel conversion efficiency (please note that this figure is intended as brake fuel conversion efficiency [32] and will be referred to simply as efficiency throughout the text) when using the three gaseous fuels; gasoline data is also shown as a baseline figure. An important observation is that increasing the injector flow brings significant improvements in efficiency, i.e., tripling the rating can result in an improvement of over three percentage points.



One surprising outcome is the relatively low values obtained for methane and H2. Nonetheless, there is an improvement for both fuels with respect to the baseline gasoline case for flow rates over 100 g/min. At a first glance, these results may seem counterintuitive, meaning that a base improvement would be expected, given the hypothesis of stoichiometric fueling compared to gasoline. This seems to be confirmed only for propane, which, indeed, showed significant gain in efficiency. Increased heat loss was identified as a decisive factor for hydrogen [23], while for methane, this should not be an issue. Upon a closer look, this was found to be mainly due to a cylinder imbalance that practically resulted in rich fueling (and, thus, incomplete combustion) of one of the three cylinders. This result highlights one of the main issues that can arise when converting a gasoline engine to gaseous operation.



Figure 4 shows the spark timing and boost pressure ratio predicted for the four fuel types, so as to give an idea of the changes that would be expected when considering gasoline substitution. These results were obtained for the maximum efficiency case, i.e., with injector flow ratings of 200 g/min with hydrogen, and 300 g/min for propane and methane. Again, the fact that the compressor pressure ratio (PR) was predicted practically at the same level as the OEM data can be seen as partial validation of the model.



An immediate observation is that the model predicted that propane fueling would require practically the same spark timing as that for gasoline, further emphasizing the straightforward conversion to this gaseous fuel. Indeed, most LPG conversion kits feature a liquid fuel injector cut-off and no changes in the ignition control. Methane, on the other hand, would require significant modification in terms of advancing the ignition point (this is well-known due to methane’s lower laminar flame speed [33]), while on the contrary, the spark timing would have to be retarded for H2. Another aspect is that calculated boost pressure for propane is only about 9% higher compared to gasoline. Therefore, even in the hypothesis that no changes would be performed to the target boost map within the electronic control unit (ECU), the power loss would be less than 10% for propane compared to gasoline. The required boost pressure was instead predicted to be much higher for methane and hydrogen.



Taking a closer look at the cylinder imbalance previously identified as the main cause for changes in efficiency, the air–fuel ratio was evaluated for each fuel. Figure 5 shows the simulated lambda value at the intake valve closure (IVC), also defined as the start of the cycle, for the four fuel types. It is evident that cylinder 3 tended to feature an improvement in volumetric efficiency, thus resulting in higher relative air–fuel ratio (AFRrel) values. This effect was minimal for gasoline, with less than a 3% difference between cylinders, mainly due to port fuel film dynamics.



On the other hand, gaseous fuels resulted in cylinder-to-cylinder differences of over 7%; cylinder 3 was always predicted to run lean, while cylinder 1 ran rich, even if the overall exhaust AFRrel was close to stoichiometric. Hydrogen featured the largest difference, with lambda values of 0.97, 0.99 and 1.05 for cylinders 1, 2 and 3, respectively. The coefficient of variation (COV) shows that the flow rating for maximum efficiency also coincided with the minimum cylinder-to-cylinder variation. The gasoline figure is well below a general 5% threshold usually encountered in multi-cylinder engines [32].



Given the propensity of hydrogen to backfiring, a more detailed analysis was performed for this fuel in terms of the concentration in the intake port. Figure 6 shows the fuel mass fraction calculated for H2 (LFL stands for lower flammability limit) in the int-port-1, 2 and 3 components identified in Figure 2. Please note the different scales on the y axis for the intake part (left hand) and the rest of the working cycle (right hand). These results illustrate that for peak power conditions, the H2 concentration was below the explosion limit [34] throughout the closed-valve part of the cycle with the 200 g/min injector flow rating. The fact that cylinder 3 tended to feature better volumetric efficiency in these conditions confirms a slightly lower equivalence ratio compared to the other two cylinders.



Looking at a single point of the working cycle, the IVO event is crucial for H2 PFI operation, meaning that any hot residual gas that is transferred from the cylinder to the intake port may ignite the air–fuel mixture in the intake manifold if the concentration of hydrogen is high enough. Figure 7 can be seen as representative of the risk of backfire, in terms of H2 concentration in the intake port of each cylinder at the instant of the intake valves’ opening. The results clearly show a significant influence of the fuel flow up to 200 g/min; above this rating, no significant benefits were predicted. One interesting observation is that even if the flow at half of the optimized value, i.e., 100 g/min, featured only a minor penalty with respect to efficiency, it is definitely above the explosion limit; therefore, using this injector rating with an SOI setting of 360 deg bTDC will result in an increased probability of backfire. Cylinder 1 tended to feature the highest concentration of Hw2 in the intake port, in line with the AFR results shown in Figure 5. These aspects highlight the multi-objective development that needs to be implemented when approaching the design of the H2 fuel system.



As an overall conclusion, the analysis at peak engine power output revealed a significant influence of the injector flow ratings when using gaseous fuels. The values that ensured the best efficiency also resulted in the lowest cylinder imbalance. For hydrogen in particular, a value of 200 g/min was identified as the rating that ensures maximum efficiency and complies with the requirement of a H2 concentration below the explosion limit in the intake port at the IVO (with an SOI setting of 360 deg bTDC).




3.2. Start-of-Injection Effects for H2 Fueling


Two of the H2 injector flow ratings, i.e., 100 and 200 g/min, were chosen for investigating start-of-injection effects. The higher value of 200 g/min was characterized by maximum efficiency, and it complied with the explosion limit requirement, while the 100 g/min figure ensured only the efficiency criteria (meaning that a penalty of less than 1% was recorded with respect to the optimal value). These ratings should, however, be considered in terms of volumetric flow as well. For propane and methane, the 300 g/min values would be 55 and 148 L/min and would require injector hole diameters of around 2.5 and 3.1 mm, respectively (assuming a discharge coefficient of 0.75). In the case of hydrogen, the 200 g/min rating would result in a volumetric flow of over 1160 L/min and a minimum injector hole diameter of over 4 mm; this dimension would be reduced to slightly over 3 mm if the rated flow is halved, thus rendering it completely comparable to that required for methane. Consequently, the 100 and 200 g/min values were investigated with respect to SOI settings.



Previous peak power simulations revealed that starting the injection during the exhaust stroke can be more beneficial with respect to the intake [23], and, therefore, a range of 180–540 deg aTDC was considered for this part of the investigation. Figure 8 shows the effect of the SOI settings on efficiency. With a 100 g/min flow rating, the maximum efficiency was obtained when starting the fuel delivery at 270 deg aTDC, while roughly the same peak efficiency was obtained with the SOI at 360 deg aTDC when the flow was 200 g/min. This result appears to indicate that with correct choice of injection phasing, it would be possible to obtain the benefit of high efficiency even if half the rated flow was imposed. In terms of injector design, this would represent a significant advantage.



Figure 9 also confirms that practically the same cylinder imbalance characteristics can be obtained with both injector flow characteristics if the fuel delivery is advanced for the 100 g/min situation. Of course, starting the flow of H2 during the intake stroke would further reduce the possibility of backfire, but again, the significant reduction in the instant fuel flow could be a significant advantage. Keeping in mind the risk of backfire, the results of the simulated fuel concentrations in the intake port were also investigated. Indeed, the SOI360 setting ensured compliance with the explosion limit condition only if the fuel delivery rate was augmented up to 200 g/min (Figure 10; only cylinder 1 is shown, as it featured the highest H2 concentrations in the intake port at IVO). Instead, if the injection phasing was advanced by 90 deg, both the flow figures ensured fuel concentrations below the explosion threshold. This further emphasizes that if the optimization of SOI settings is included, safe and efficient engine operation can be obtained even with contained rated flow characteristics.




3.3. Selected Part-Load Operating Points with H2 Fueling


With the chosen injection rate of 100 g/min (given that it would require a lower injector nozzle diameter compared to the 200 g/min rating), several engine operating points were investigated with H2 fueling with respect to the optimized SOI settings at part load. These points were taken as representative for urban use, i.e., 30 and 50 km/h, and long-distance cruising, i.e., 90 and 130 km/h. They correspond to 1.3 kW at 2500 rpm, 3.2 kW at 3150 rpm, 12.5 kW at 2950 rpm and 33.2 kW at 4250 rpm, respectively.



The model predicted that significant benefits of close to 7% can be obtained in terms of efficiency when optimizing the SOI (Figure 11). Even if not immediately evident in terms of absolute values, changing the phasing of the fuel delivery resulted in quite similar variations in efficiency in terms of relative difference. This was somewhat unexpected, especially for the throttled conditions for which the injected quantity is relatively low. Nonetheless, it further emphasizes the need to approach the conversion to H2 fueling as a multi-objective problem. A positive aspect is that all four conditions featured the same optimal SOI setting, at 360 deg aTDC.



One interesting result is that the predicted optimal spark timing was within a relatively narrow range and quite close to the TDC. Another important aspect is that the 90 km/h condition required slight boosting, as opposed to the gasoline fueling that was throttled.



Figure 12 gives a more detailed insight into the risk of backfire. Again, only the results for cylinder 1 are shown, given that the other two featured lower fuel concentrations for all SOI settings. As an immediate observation, for the highest load condition (vehicle speed 130 km/h), the minimum risk condition was predicted to be with SOI270, as opposed to the other three that consistently showed lower H2 concentrations for SOI360. This can be explained by the fact that the highest load was closer to peak power operation and also featured SOI270 as the optimal setting. One unexpected result is that the model predicted a fuel concentration slightly over the explosion limit for the 30 km/h case. Given the low quantity and reduced load, as well as the temperature levels and relatively high residual gas fraction, the actual effects of a backfire phenomenon would most likely be minimal. Another fact that should be noted is that the model predicted H2 concentrations over the limit only for cylinder 1, thus further reducing the actual risk of backfire. It does, however, raise a potential issue that needs to be tackled in the development phase to avoid unwanted behavior.





4. Conclusions


The main goal of the study was to identify fuel system requirements in the context of converting a gasoline-powered small-size passenger car to hydrogen operation. Even if the approach is not limited to small-size powertrains (e.g., the same methodology could be used for scrutinizing the conversion of heavy-duty diesel engines), this category of vehicles presents the additional challenge of much more constrained cost margins. Evaluating the risk of backfire was an essential feature of the study, given that PFI was considered so as to maximize cost effectiveness. The overall concept was found to be feasible in terms of range, and the engine output was also directly comparable to the levels obtained with gasoline.



The fuel flow requirements were found to be more demanding with respect to other gaseous fuels such as propane and methane, especially in terms of volumetric flow. A H2 flow rating of 200 g/min was identified as the best choice with respect to fuel conversion efficiency, cylinder-to-cylinder variability of the volumetric efficiency and compliance with imposed fuel concentration limits at the IVO. Further augmenting the flow rating over the 200 g/min threshold did not provide significant benefits.



Cylinder imbalance was identified as a possible issue directly related to the use of gaseous fuels. If this parameter was found to be well within the 5% threshold usually accepted for SI units for gasoline, the COV was even at over 10% for all three gaseous fuels. Increasing the injector flow rates was found to significantly diminish this shortcoming.



When adding the SOI settings as an additional margin for control, the injector’s rated flow could be reduced to 100 g/min. Optimizing the fuel delivery phasing was found to ensure efficiency and a risk of backfire completely comparable to the previously identified optimal figure of 200 g/min.



Apart from the peak power condition, the SOI was found to exert an important effect during part-load operation as well. Four different vehicle speed settings showed that the optimal SOI in terms of efficiency was 360 deg aTDC. The explosion limit constraint revealed that the injection needs to be advanced at the highest load point at 130 km/h. Another surprising result is that the model predicted fuel concentrations at the IVO that were slightly over the explosion limit for the lowest vehicle speed of 30 km/h. Even if this situation was calculated only for one of the three cylinders, it does highlight the complexity of a seemingly straightforward conversion for the complete substitution of gasoline with H2.
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Figure 1. Overall layout of the engine considered for simulations. 
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Figure 2. Overview of the 0D/1D simulation model, with selected components highlighted. 
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Figure 3. Brake fuel conversion efficiency predicted at peak power for a range of fuel delivery rates. 
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Figure 4. Optimized ignition settings and boost requirements at peak power. 
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Figure 5. Simulated relative air–fuel ratios at cycle start for the injection rate that featured maximum efficiency (left) and effect of injection rate on cylinder imbalance (right). 
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Figure 6. Fuel mass fraction in the intake port during H2 fueling, calculated throughout the working cycle at peak engine power and with the 200 g/min injector flow rating. 
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Figure 7. Hydrogen mass fraction in the intake port simulated at intake valves’ opening in peak power operating conditions. 
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Figure 8. Simulated efficiency with two flow ratings for identifying SOI effects at peak power output. 
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Figure 9. Calculated cylinder-to-cylinder variation in air–fuel ratio at IVC at peak power for two injector flow ratings. 
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Figure 10. Simulated fuel mass fraction in the intake port at peak power for two injector flow ratings. 
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Figure 11. Simulated efficiency, pressure ratio and spark timing settings at four vehicle speed values. 
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Figure 12. Simulated fuel concentrations in the intake port of cylinder 1 at four different levels of engine load. 






Figure 12. Simulated fuel concentrations in the intake port of cylinder 1 at four different levels of engine load.



[image: Energies 16 04201 g012]







[image: Table] 





Table 1. Engine specifications.
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	Description
	





	Displacement
	599 cm3



	Number of cylinders
	3



	Rated power
	40 kW @ 5250 rpm



	Rated torque
	80 Nm @ 2000–4400 rpm



	Bore × stroke
	63.5 mm × 63.0 mm



	Connecting rod length
	114 mm



	Compression ratio
	9.5:1



	Number of valves
	2 per cylinder



	Intake valves’ opening/closure
	363/164 deg bTDC



	Exhaust valves’ opening/closure
	157/349 deg a/bTDC



	Fuel system
	port fuel injection at 3.5 bar for gasoline and 5 bar for hydrogen



	Ignition
	inductive discharge, 2 spark plugs per cylinder
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