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Abstract

:

In this paper, validated simulations using Ricardo WAVE have been performed to investigate the effect of the Miller cycle and low-carbon fuels on the performance (power, torque, BTE and BSFC) and emissions of a diesel engine. The results show that the increased Miller cycle effect (larger deviation of the advanced or retarded intake valve closing from the standard intake valve closing time) will decrease NOx, CO and HC emissions, and slightly improve brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC) with slight loss in engine performance and increase in soot emissions. An engine running B0 (diesel with 0% Biodiesel in the blend) with a −18% Miller cycle effect has a reduction in NOx of 9% and CO of 4.3% with a decrease of 1.6% in power at the rated engine speed. Using low carbon fuels drastically reduces emissions with reduced BTE and increased BSFC. When used in conjunction, the Miller cycle and low-carbon fuels have an improved effect on both performance and emissions. The optimal results demonstrate that using B60 (60% Biodiesel in the blend) and a −8% Miller effect contributes to a 1.5% improvement in power, 1.2% in BTE, 13.3% in NOx, 38.5% in CO, 8.9% in HC, and 33.0% in soot at a cost of 6.0% increase in BSFC. The results show that it is an easy way to reduce NOx, CO, HC and soot emissions and increase the BTE of the engine by combining Miller cycle and low-carbon fuels.
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1. Introduction


DIESEL engines are used extensively worldwide in vehicular and static applications. Nitrogen Oxide (NOx) and other emissions from diesel engines are significant, and often above safe levels in built-up areas. In the UK, diesel consumption grew from 11 million tonnes of oil equivalent (MTOE) in 1990 to 27 MTOE in 2017, and 21% of the UK’s greenhouse gas emissions were from road transport in 2017 [1]. Large vehicles such as lorries account for 76% of excess NOx emissions [2]. The issues arising from NOx have led to strict legislation, with limits for NOx under EU standards Euro 5 and Euro 6 of 0.18 g/km and 0.08 g/km [3]. This shows a need to find adaptations for diesel engines to counter these emissions problems [4].



The Atkinson cycle was first developed in 1882 and was achieved by mechanical methods [5]. This involved altering the effective compression stroke of the engine by either early intake (EIVC) or late intake (LIVC) valve closing [6]. In both EIVC and LIVC, the compression stroke is effectively shorter than the expansion stroke, which improves the brake thermal efficiency (BTE) of the overall cycle [6]. However, since some fuel and air escape before combustion, the power output and brake mean effective pressure (BMEP) is decreased [7]. Ralph Miller adapted this cycle to include a turbocharger or supercharger at the cylinder inlet [8,9]. This pushes air into the engine cylinder, leaving it at a higher pressure [9]. This may reduce brake specific fuel consumption (BSFC) [10] and mitigate the power loss often found with the Atkinson cycle [11]. Once the piston is beyond bottom dead centre (BDC), the boosted charge compensates for the open inlet valve ensuring similar air/fuel charge to a non-Miller cycle unit. Powell et al. [12] validated the Miller cycle theory using a Ricardo WAVE model and experimentation, and found the fuel consumption was reduced by 5.6% when using the LIVC. Lin and Hou [13] analysed an air-standard Miller cycle and found engine efficiency improved over the Otto cycle. In addition to improving engine efficiency, the Miller cycle can be used to reduce NOx emissions [14,15,16]. Other methods such as after treatment can reduce NOx in exhaust gases, but are expensive [17]. The shorter compression stroke of the Miller cycle means a lower compression ratio, with consequent reduction in cylinder pressure and temperature. Lower temperature in cylinder will produce less NOx, since NOx forms rapidly at high temperatures, especially above 1600 K [18]. This reduction in NOx emissions has been shown experimentally [14,19,20,21]. Test results showed a decrease in NOx emissions of 60% and in soot of 25% [21]. In another experiment, the torque, power, BTE and BSFC were improved at high engine speeds and worsened at low speeds due to the charge loss and the drop in volumetric efficiency, but NOx emissions reduced by 14% [20]. The difference between standard cycle and Miller cycle is illustrated in Figure 1 for diesel engine, where the cycle 0–1a–1′a–2a–3a–3′a–4a–1′a–1a–0 is the Miller cycle and the 0–1–2–3–3′–4–1–0 is the standard cycle.



Low-carbon fuels have a lesser impact on the environment than fossil-fuels [22], and can be split into three categories [23]: first-generation biofuels; advanced or second-generation biofuels; renewable fuels of nonbiological origin. Using low-carbon fuels may affect the efficiency and emissions of a diesel engine [24,25]. Experiments showed increase in BSFC of 2.1%, 1.5%, 3.5% and 9.6% for B10, B20, B50 and B100, respectively [24], which was attributed to the lower calorific value of biodiesel [26]. Meanwhile, the BTE is also impacted by using biodiesel. At 10% load the BTE for B100 was 10.2% lower than pure diesel, but was 5.1% higher at 100% load, with a crossover point at 50% load. This behaviour could be attributed to several factors: at high load, fuel injection pressure was at its highest, so the effect of the viscosity of biodiesel was negligible [26]; B100 contains oxygen, which may contribute to a more complete combustion [27], thus increasing BTE; at lower loads, the viscosity of biodiesel was more influential and may reduce BTE, and the oxygen content of the fuel may make the mixture lean, which decreased BTE. Moreover, it is claimed that as biodiesel concentrations increases, combustion temperature and NOx emissions increase [28,29]. Mueller et al. [30] stated that the increase in combustion temperature cannot quantitatively be related to a single parameter, but instead is due to several coupled mechanisms which change under different conditions such as fuel or combustion characteristics. Kegl [31] found that in a B100 mixture, the higher injection pressure and oxygen content reduced soot and CO emissions. Higher NOx emissions also arose from the advanced injection process with earlier and prolonged high temperatures at combustion commencement. Others found that higher proportion of biodiesels lower the exhaust temperature [24,32]. It was found that the exhaust gas temperature was linked to the compression ratio. At low ratios of 18, the exhaust gas temperature for biodiesel was higher than that of diesel, but as the ratio increases the exhaust gas temperature of biodiesel is lower than that of diesel [32]. It is also theorised that the reduction in exhaust temperature is due to the lower calorific value of biodiesel reducing the total released energy and therefore the peak temperature [24,26,32].



It is found that existing studies have not accounted for the effect of the combination of the Miller cycle with low carbon fuels on the performance of diesel engine, particularly in maximising efficiency and minimising NOx and other emissions. Consequently, this study will investigate the influence of combining the Miller cycle and low carbon fuels on diesel engine performance and emissions. The following objectives will be covered:




	
Develop the numerical model of a diesel engine and validate it using verified data.



	
Obtain the engine performance and pollutant emissions of standard diesel fuel with various Miller cycle effects.



	
Obtain the engine performance and pollutant emissions of different low carbon fuel-diesel blends without Miller cycle.



	
Combine the low carbon fuel blends and Miller cycle effects, and find the optimal low carbon fuel fraction and Miller cycle effect.









2. Method


In this paper, biodiesel fatty acid methyl esters (FAME) are selected as the low carbon fuel. It is blended with diesel fuel with various fractions, namely B0 (standard diesel fuel), B7 (7% volume fraction for biodiesel), B20, B40, B60, B80, and B100. The properties of FAME and its blends with standard diesel fuel are listed in Table 1. Numerical modelling is used to implement the low carbon fuel and the Miller cycle configurations. Ricardo WAVE was chosen as the modelling software as a state-of-the-art gas dynamics simulation tool used ubiquitously within the automotive sector. The numerical model is well established and validated against data from database [33].



2.1. Theories


In the model, the details of the flow is obtained by solving quasi-one-dimensional compressible flow equations that govern the conservation of mass, momentum and energy [33,34]. A staggered mesh system is used with the boundaries between volumes to solve the equations of momentum, mass and energy for each volume. In explicit conservative form, the equations can be written as:


  m a s s =   d m   d t   = Σ    m ˙   



(1)






  m o m e n t u m =   d m u   d t   = − A   d p   d x   +  Σ     m ˙  u − s o u r c e s  



(2)






  e n e r g y =   d  e T    d t   =  Σ    m h + s o u r c e s  



(3)







The general combustion equation solved in the model is:


A(uN2 + vO2 + wCO2 + xH2O) + B(CcHhOoNn)

aCO + bCO2 + cH + dH2 + eH2O + fN2 + gNO + hO + iO2 + jOH + kN



(4)




where, A is the mass fraction of ‘Burned Air’, B is the mass fraction of ‘Burned Fuel’; and a, b, …, k are the coefficients of the combustion products. The sum of  A  and  B  is the total mass fraction of combustion products, and the ratio between them gives the relative quantities of the species. Normally, the entire fuel mass is burned with product mass fractions that sum to 1; the values of the coefficients a to k are uniquely linked to the equilibrium equation [33,34].



In terms of combustion, the Diesel Wiebe combustion model is used to obtain the rate of fuel mass burned, which includes the premixed combustion, diffusion combustion and slow late combustion (tail burning) in the engine cylinder [33]. The burned fuel mass fraction W based on the crank angle can be calculated from the following equation.


  W =  p f   {  1 −    [  1 −    (  0.75 τ  )   2   ]    5000    }  +  d f   {  1 −    [  1 −    (  c  d 3  τ  )    1.75    ]    5000    }  +  t f   {  1 −    [  1 −    (  c  t 3  τ  )    2.5    ]    5000    }   



(5)




where    p f   ,    d f    and    t f    are the mass fractions of the premixed, diffusion and tail combustion, respectively, whilst  τ  is the burn duration term determined by Equation (6).


  τ =   θ −  θ b    125    (    R P M   B R P M    )    0.3      



(6)







 θ  and    θ b    here refer to the crank angle and the crank angle at the start of combustion, respectively, whilst   R P M   and   B R P M   are the engine speed and reference speed. The mass fraction of the premixed combustion can be either user-input or obtained from the ignition delay model.



For emissions, the NOx emissions are predicted using the Zeldovich mechanism (Equations (7) and (8)) and the Prompt mechanism (Equations (10)–(12)) [35]. The overall burned zone is treated as an open, stratified system in which further NOx formation takes place depending on the temperature, pressure, and equivalence ratio.


  O +  N 2  ⇌ N + N O  



(7)






  N +  O 2  ⇌ O + N O  



(8)






  C H +  N 2  ⇌ HC N + N  



(9)






  N +  O 2  ⇌ N O + O  



(10)






  H C N + OH ⇌  H 2  O + C N  



(11)






  C H +  O 2  ⇌ N O + C O  



(12)







CO is calculated based on the following model dependent on pressure (P), concentrations of substances including [CO2], [O2], [OH] and [H], and equilibrium constants (   K  p W     and    K  p N    ) suggested by Newhall [36].


     [  C O  ]     [  C  O 2   ]    = m a x  (   1     K  p W   P  [   O 2   ]      ,    [ H ]       K  p N   P  [  O H  ]       )   



(13)







HC model assumes that the fuel trapped within the injector sac and hole volume is the major source of unburned HC, and the emitted HC is proportional to the injector sac volume. The typical injector sac volume is in a range of 0.3 to 1 mm3, and about 0.2 of sac volume fuel is converted to HC [33].



Soot model accounts for the soot formation and oxidation rates. The soot formation rate is based on Khan–Hiroyasu–Belardini formulation, and the soot oxidation rate is based on the Nagle and Strickland–Constable model [33]. The soot formation rate     d  M  s f     d t     is calculated by the equation:


    d  M  s f     d t   =  k f   M  f v    



(14)




where    M  f v     is the fuel vapor mass, and    k f    is a coefficient dependent on the fuel properties and temperature. The soot oxidation rate     d  M  s o     d t     is calculated by


    d  M  s o     d t   =    M c     ρ s   D s     M s   R  r o v    



(15)




where    M s    is the net soot mass,    M c    is the carbon molecular weight, and    R  r o v     is the reaction rate dependent on temperature. The soot density    ρ s    and soot mean diameter    D s    are constants.




2.2. Model Set up and Procedure


A Volkswagen 1.9L variable-geometry turbocharger (VGT) TDI PD diesel engine is selected as the test engine, which is used in a wide range of midsized cars. The engine specification is shown in Table 2.



The numerical model of the selected 4-cylinder engine is set up according to its specifications, as shown in Figure 2. The model is validated and then used to investigate the engine performance under the proposed conditions, i.e., the designed combined Miller cycles and a number of different low-carbon fuels.



The procedure of setting up the model is in the following steps:




	(1)

	
Generate engine components and link them together to form a basic engine model in the WAVE;




	(2)

	
Define geometry and boundary conditions of the engine, such as bore, stroke, intake temperature, etc., and select fuels;




	(3)

	
Validate the model using data from the engine manufacturer;




	(4)

	
The validated model is then used to do intensive simulations of the engine performance under the normal cycle of diesel engine and the selected Miller cycles, to find out the optimal results.










2.3. Model Validation


The numerical model is set up based on the specifications of the test engine to run the fuel B0 with no Miller cycle effect, which is named as the baseline model. The baseline model is run at the speeds from 1000 rpm to 4500 rpm at full load. Richard Wave database provides an example model for the same engine at the same conditions, and its results have been verified by experimental data [34]. Therefore, the data from the example model is used to validate the baseline model. The results are shown in Figure 3 and Figure 4, where the green dots/line are the performance of the baseline model, whilst the red dots/line are that of the example model. It is clear that the models have close results in performance and emissions with the largest difference of 0.686% at 2500 rpm. It indicates that the model is well validated, and thus can be used for further investigations.




2.4. Computational Simulations Planned


Using the validated model, totally 77 cases of combined 11 Miller cycles with the 7 low-carbon fuel-diesel blends are carried out under different conditions: (1) the original engine; (2) 5 cases of early intake valve closing (EIVC) Miller cycle; (3) 5 cases of late intake valve closing (LIVC) Miller cycle; and (4) low-carbon fuel-diesel blends with 7 fractions shown in Table 1. The fuels are the mixture of biodiesel with diesel, where ‘B’ is ‘biodiesel’, the number of ‘0, 7, 20, 40, 60, 80 and 100 represents the mass fraction of the biodiesel, e.g., B20 is a fuel with 20% of biodiesel and 80% of diesel in it. The test conditions of Miller cycles are listed in Table 3. The percentage of Miller cycle is calculated by comparison to the original intake valve opening duration (258°). For example, the intake valve opening durations of the EIVC cases are smaller/shorter than that of the original ones, and the changes in crank angle is negative, e.g., −5% Miller cycle Percentage, the intake valve opening duration is 245.1°, which is 5% less than that of the original one (258°). Similarly, the intake valve opening durations of the LIVC cases are longer than that of the original ones, e.g., 5% Miller cycle percentage, the intake valve opening duration is 270.9°, which is 5% longer than 258°.



The range tested was between 1000–4500 rpm, which is the normal operating range of the engine, giving 8 data points for each case. The engine performance parameters such as brake power, brake torque, brake thermal efficiency (BTE), brake specific fuel consumption (BSFC) were obtained. The major emissions including nitrogen oxide (NOx) and soot were collected in each case, and other low-level emissions such as carbon monoxide (CO) and unburned hydrocarbon (HC) were also accounted.





3. Results and Discussion


3.1. Effect of Miller Cycle with B0 Fuel


Figure 5 shows the effect of the 5 LIVC Miller cycles (plus the baseline model being the original diesel engine) using B0 fuel. In all figures, each name in the legend shows the fuel used firstly and then the condition in Miller cycle. For example, the ‘B60_−10%’ means that B60 fuel is used with a negative (EIVC) Miller cycle effect of 10%.



Figure 5a–d show the effects of the different LIVC Miller cycles on the engine performance, i.e., brake torque (BT), brake thermal engine efficiency (BTE), break power (BP) and brake specific fuel consumption (BSFC), respectively. At the engine speeds of 3000 rpm and above, there is a slight decrease in BP, BT and BTE relative to the baseline in each case. The figures also demonstrate that at lower engine speeds, the increasing LIVC Miller effect has a drastic negative effect on engine performance. For example, in the case of 25% LIVC Miller cycle at 1000 and 1500 rpm, the engine torque is less than half of that in the baseline, because the turbocharger is unable to compensate for the reduced valve opening durations at low engine speeds.



As the Miller effect increases, the engine performance decreases, as shown in Figure 5. For example, the 5% Miller curve (the green ‘squares’ and the green line in the figure) matches the baseline engine at nearly every point, only dropping in the lower speed range of 1000–1500 rpm, whereas a noticeable drop in torque occurs to the 20% Miller curve (the purple ‘dots’ and the purple line) at the higher engine speed of 2500 rpm. The peak power of the baseline engine occurs at 3500 rpm, but the Miller cycle has little effect at the same speed even with the stronger Miller cycles, which causes the engine performance decrease at lower speeds.



The reason for the performance decrease in the LIVC Miller cycles is that part of the intake air and some injected fuel (between the starting of fuel injection to the point of intake valve closed) is pushed out of the cylinder when the intake valve closes later, which is wasted and thus reduce power, torque, BTE and increase BSFC.



Figure 6 shows the effects of the different LIVC Miller cycles on emissions. The Miller cycle shows a significant reduction in NOx and CO emissions, especially at lower engine speeds, and a smaller but still noticeable improvement at engine speeds above 3000 rpm. The correlation between the extent of Miller effect and the improvement in emissions is demonstrated that the stronger the Miller cycle effect, the lower the NOx and CO emissions. The peak decrease in NOx emissions is with 25% Miller cycle at 1500 rpm where there is a decrease in NOx of 26%.



The HC emissions also decrease as the Miller cycle effect is enhanced, but the extent of the decrease is than that in NOx or CO, which indicate a weaker link between Miller cycle effect and HC emissions. The HC emissions decreased at all engine speeds, with a maximum decrease of 1.7% at 2000 rpm.



Soot emissions are sensitive to the Miller cycle effect and increased by stronger Miller cycle. Soot emissions reach the highest value at lower engine speeds when running at LIVC, with a peak increase of 152.7% at 1500 rpm and 4.1% at 3500 rpm for 25% Miller effect. The reason for the soot increase in the LIVC Miller cycles is that, as mentioned above, part of the intake air and some injected fuel is pushed out of the cylinder when the intake valve closed later. Consequently, it is not burnt under the low temperature in the exhaust pipe, but decompose to carbon particles or other hydrocarbon particulates and emit in the form of soot.



Figure 7 shows the effect on different degrees of early intake valve closing (EIVC) Miller cycle using B0. Apart from the extreme value at −25% Miller, much less severe impact on performance is observed compared with that of LIVC Miller cycle in Figure 5. Up to a −20% Miller effect, no comparable negative effect is found on engine performance, apart from a small decrease in power and torque at 4000 rpm. At the rated speed, there is almost no loss in torque or power, as shown in Table 4. In terms of BTE, there is a slight loss at lower engine speeds with a crossover at 3000 rpm, above which the Miller cycle causes an improvement in BTE, with a peak increase of over 2% at 4000 rpm for a −20% Miller effect. This in turn causes a minor improvement in BSFC at higher engine speeds.



Figure 7 and Table 4 show that as the Miller cycle effect increases, losses also increase with a maximum power loss of 5.3% at rated speed for −25% Miller.



The effect of varying degrees of EIVC Miller cycle with B0 fuel on emissions is shown in Figure 8. Compared with LIVC, the largest improvements with EIVC occur at higher engine speeds for NOx and CO. The changes in NOx emissions range from −5.8% at 1000 rpm to −19.8% at 4500 rpm for −25% Miller. Moreover, as the Miller cycle effect increases, the improvement in emissions becomes larger. Between 0 and −5% there is an improvement under 2% in the maximum decrease of emissions, but it grows to 4% between −20% and −25%.



CO emissions experience significant changes of −13.8% at 1500 rpm and −20.0% at 3500 rpm, respectively, for −25% Miller cycle. For −5% Miller Cycle effect, the CO emissions on average drop by 4%.



With EIVC, there is also an improvement in HC emissions, with a maximum decrease of 1.7% at 3500 rpm, the rated speed. There is roughly 0.25% improvement in emissions on average for each 5% Miller increment with EIVC.



EIVC has a slight negative impact on the soot emissions, with the strongest impact at higher engine speeds (3500–4500 rpm), where the peak increase in emissions is 54% at 4000 rpm with a −25% Miller effect. At lower engine speeds soot emissions are smaller. For example, at −25% Miller effect, the soot emissions are 3.7% below the baseline.



When finer adjustments are made to the Miller cycle effect, an optimal value is found for a pure diesel engine with the maximised the emissions decrease while the minimised power and torque losses. −18% Miller is found to be the optimal value, a strongly EIVC value, which gives a slight power loss at speeds greater than 4000 rpm, but has no noticeable impact at low engine speeds. At rated speed, there is a 1.6% improvement in power and torque.



This optimal value gives a maximum improvement in BTE and BSFC of 2.2% at 4500 rpm, with a slight decrease of no more than 1.7% at low engine speeds. At the rated speed there is a 1.5% improvement in BTE and BSFC.



At this optimal value, the NOx emissions reduced by from 0.5% to 10.5% in the speed range of 1000 rpm to 4500 rpm, and CO emissions drop by 4.3% at 1000 rpm and by 14.3% at 3500 rpm.




3.2. Effect of Varying Proportion Low-Carbon Fuels with No Miller Cycle


Table 5 shows the results at the rated engine speed (3500 rpm), with no Miller effect present. The results in Table 5 show a general decrease in torque, power, BTE, NOx, CO, HC and soot, and an increase in BSFC as the proportion of biodiesel increases.



Figure 9 shows engine performance using different low-carbon fuels (diesel–biodiesel blends). The torque and power curves are relatively stable at mid-range engine speeds (2000–3000) rpm regardless of different fuel blends. However, the percentage of biodiesel starts to influence engine performance at either low or high engine speeds, since the torque and power losses increase with increasing biodiesel fraction. The maximum loss of 14.7% in power and torque is found at 1500 rpm for B100 compared to B0. Moreover, the difference between B0 and B20 is small, with a maximum decrease in power of 0.5% at 3500 rpm, but between B80 and B100 the difference in power increases to 3.3%.



The decrease of both power or torque is the most visible in B100 with the reductions of 11.0% and 14.5% at 1000 and 1500 rpm, respectively, and 13.1% and 9.5% at 4000 and 4500 rpm. This is mainly due to the lower energy content of biodiesel relative to mineral diesel, which means the less heat is released during the combustion of biodiesel. As a result, the engine produces less power.



There is a loss in BTE across almost all fuel blends and engine speeds, and this loss increases with increasing biodiesel percentage and increasing engine speeds. The BTE decreases by 0.5–1.0% for every 20% increase in biodiesel fraction, and reach average 2.5% for B100 across the whole range of engine speed.



The BSFC is also drastically affected by the fuel blends. Increasing the biodiesel fraction greatly increases BSFC, by 3% to 7% per 20% biodiesel increase. Unlike the power and torque curves, the increase in BSFC is generally stable across all engine speeds, which is attributed to the lower energy content (lower heating value) of biodiesel. There is an average 3% fuel consumption increase for each 20% increase in biodiesel, with a slight increase at the highest engine speeds. For B100, the BSFC is average 15.5% higher than that of pure diesel, with a peak of 19.6% at 3500 rpm.



The major advantage of biodiesel is the impact on emissions, as shown in Figure 10, there is decreases in all emission types as the proportion of biodiesel is increased. NOx emissions are most significantly reduced in the lower engine speed range, whereas the reduced CO emissions occur to higher engine speeds. HC and soot emissions are evenly decreased across all engine speeds.



NOx decreases as the proportion of biodiesel is increased, and the decrease is evenly distributed across all engine speeds. For example, B20 has on average 3% less NOx emissions than B0, and B60 and B80 have nearly 5% decrease. The largest decrease is for B100, which emits an average of 22% less NOx than B0. Table 5 shows this trend at the rated engine speeds. The lower NOx emission from the low-carbon fuels is due to the lower heating value of the fuel.



CO emissions are more significantly influenced by biodiesel fraction than NOx emissions. B20 shows reduced CO emissions by average 13% and by 10% at rated speed compared with B0. As the biodiesel fraction increases, CO emissions continue to drop, but the extent of reduction becomes smaller. For instance, the decrease from B80 to B100 is 8%, whilst that from B60 to B40 is 13%.



B100 experiences an average decrease in CO emissions of 51.9% across all engine speeds, and the decrease at rated speed of 51.7%.



HC emissions are more sensitive to varying biodiesel fraction than changing Miller cycle, and emissions decrease with increasing biodiesel fraction. HC emissions are reduced evenly across all engine speeds and experience a 3% decrease for each 20% increase in biodiesel fraction. The largest reduction occurs to B100, which has an average decrease in HC emissions of 14.1%, and a reduction at rated power of 14.6%.



Increasing biodiesel proportion has a noteworthy impact on soot emissions. By increasing the biodiesel proportion, soot emissions can be reduced significantly. The largest reduction is at lower engine speeds, with a peak value of 89.6% for B100 at 1000 rpm. The decrease in soot is not evenly distributed across all engine speeds. The decrease for B100 is 89.6% at 1000 rpm and 35.9% at 4500 rpm. The rate of reduction decreases as the proportion of biodiesel increases. Soot decreases by 20.8% between B0 and B20 and by 4.5% between B80 and B100. The average decrease over all engine speeds for B100 is 55.5% with 49.3% at rated speed.



The reason for the emissions of CO, HC and soot is mainly because the biodiesel contains oxygen atoms in it, which helps the combustion or oxidation process of the fuel, enabling more fuel to be burnt.




3.3. Combining Miller Cycle and Low-Carbon Fuels


From the trends of the engine performance found in Section 3.1 and Section 3.2 further investigation on the combined Miller cycle with biodiesel blends is carried out. A variety of different combinations is tested, i.e., combining a proper EIVC Miller cycle and one of the fuels selected, as shown in Table 6. The results of the simulations are shown in Table 6 and Figure 11 and Figure 12.



Table 6 shows the optimal results for each fuel tested, combined with the Miller cycle used, at the rated engine speed (3500 rpm).



Table 6 illustrates that for the original (baseline) engine fuelled with pure diesel (B0), the optimal result is to use 18% EIVC Miller cycle. Under this condition, the brake thermal engine efficiency (BTE) could be improved by 1.49%, and the BSFC is reduced by 1.47%. Meanwhile, the emissions of NOx, CO and HC are reduced by 8.99%, 4.29% and 1.10%, but soot is increased by 21.27%, with a minimum reduction of torque and power by 1.61%, respectively.



For the engine fuelled with B7, the optimal result is to use 17% EIVC Miller cycle. The torque, power and BTE could be improved by 2.69%, 2.69 and 2.81%, respectively. The BSFC is reduced by 1.96%, and the emissions of NOx, CO and HC are reduced by 7.48%, 17.75% and 2.03%, but soot is increased by 9.59%, respectively.



For the engine fuelled with B20, the optimal result is using 13% EIVC Miller cycle. The torque, power and BTE could be improved by 2.08%, 2.08 and 2.27%, respectively, whilst the change in BSFC is negligible. The emissions of NOx, CO, HC and soot are reduced by 7.45%, 21.24%, 3.53%, and 6.01%, respectively.



For the other combination cases, the optimal combinations are B40 with 12% of EIVC Miller cycle, B60 with 8% of EIVC Miller cycle, B80 with 7% of EIVC Miller cycle, and B100 with 7% of EIVC Miller cycle. In these cases, all of the emissions including NOx, CO, HC and soot are reduced; although the BSFC increases by different extent in different case.



From Figure 11 and Figure 12, the trends of engine performance and emissions of the combined Miller cycle and different fuels can be identified:




	(1)

	
At higher content of biodiesel where there is a power loss due to lower heating value of the fuel (as shown in Table 1), but use of the Miller cycle partially compensates for the loss of engine performance. For lower biodiesel content and for pure diesel the Miller cycle costs a small amount of engine performance, but at high biodiesel content the Miller cycle improves engine performance to a certain extent and reduces emissions. For example, without the Miller cycle, every fuel blend shows a decrease in power and torque. As shown in Table 6, for B7, B20, B40, and B60, using the Miller cycle improves both power and torque above the baseline. By using the Miller cycle, power and torque are also improved at lower engine speeds, which are more adversely affected by the use of low-carbon fuels. With B100 and no Miller cycle, there is a drop of 11.0% and 14.7% of power at 1000 rpm and 1500 rpm, respectively. When the Miller cycle is used at −7%, these losses are only reduced to 4.0% and 9.8%.




	(2)

	
BTE is improved by an average of 3% compared with that of biodiesel without using Miller effect. For all fuel blends with biodiesel fraction up to B60, there is an overall increase in BTE compared to the baseline. There is still an improvement in B80 and B100 compared to biodiesel with no Miller effect, but the values are below the baseline engine.




	(3)

	
When using Miller cycle, there are noticeable reduction in BSFC compared with biodiesel with no Miller cycle. The reduction varies from 1.1% for B100, to 6.2% for B60, and an average reduction across other fuel blends of 2–3%.




	(4)

	
It is also found that, as biodiesel percentage increases, the Miller effect is further restricted due to the power loss. For example, by B100, the ideal Miller cycle percentage is found to be −7% (EIVC Miller Cycle), compared to −18% when B0 is used.




	(5)

	
From Table 6 and Figure 11 and Figure 12, emissions are reduced with the combination of the Miller cycle and low-carbon fuels, compared to that in Table 5, Figure 9 and Figure 10. With optimal Miller cycle values, there is a minimum 2% reduction in NOx emissions relative to biodiesel with no Miller effect, and more than 5% reduction with certain fuel blends such as B40.









Overall, the combination of Miller cycle and low-carbon fuel leads to an enormous improvement compared to the baseline. For B100 with no Miller effect, there is a 19.57% reduction in NOx and 51.66% in CO relative to the baseline. With the optimal Miller cycle setup this is improved to 21.56% and 54.31%.



Similar results can be seen for the other low-carbon fuels, such as B20, where there are over 100% decreases in NOx and CO emissions compared to B20 without the Miller Cycle at the rated speed. Even for the higher biodiesel fraction, where the effect is less noticeable, e.g., B80, there is a roughly 19% decrease in NOx, and 8% decrease in CO emissions from the addition of the Miller cycle, respectively.



HC emissions are reduced with the addition of the Miller cycle, but to a less extent than NOx or CO. There is an average decrease of 0.5–1.0% in HC emissions across all fuel blends when the Miller cycle is added.



All fuel blends with biodiesel fraction above 20% emit decreased soot emissions compared to the baseline. However, for B0 and B7, there is a negative effect by the addition of the Miller cycle. For example, with the optimal Miller cycle on B0, there is an average increase in soot emissions of 7.8%.



From Table 6, the overall optimal result has been identified; B60 with a −8% Miller effect. This gives an increase in power and torque of 1.5%, an increase in BTE of 1.2% at a cost of 6.0% of BSFC. Compared with emissions from the test engine burning standard diesel fuel without Miller cycle effect, the reduction is 13.3% for NOx, 38.5% for CO, 8.9% for HC and 33.02% for soot emissions. This is an enormous reduction in all emissions while slightly improvement on the engine performance. Since the test engine used to develop the model is a Euro V diesel engine, the reduction in emissions means the optimal settings of biodiesel fraction and Miller cycle effect enable the engine to meet the Euro VI standards in terms of CO, HC and soot emissions, and the NOx emission level will also be close to the Euro VI. Therefore, it is also rational to expect a significant reduction in emissions to Euro VI engines.





4. Conclusions


The effect of combined Miller cycle and low-carbon fuels on diesel engine performance and emissions is investigated using numerical models developed by Ricardo WAVE software. Simulations are carried out on Miller cycle up to ±25% (EIVC and LIVC) with seven diesel-biodiesel blends. The main conclusions are:



Miller cycle can reduce NOx and CO emissions significantly (by 9.0% and 4.3%, respectively) and slightly improve BTE with the engine power loss no more than 1.6%. The BSFC and HC emissions are both reduced by 1.5%, whilst the soot emissions are significantly increased at rated engine speed.



Low-carbon fuels reduce all emissions with the cost of engine power loss, and reductions in emissions and power become more significant with increasing biodiesel fraction. The maximum engine power loss is 5.1%, whilst the NOx, CO, HC and soot emissions are reduced by up to 19.57%, 51.66%, 14.63%, and 49.27%, respectively. Moreover, BTE and BSFC are negatively affected with a decrease of 5.4% and an increase of 19.1%, respectively.



Miller cycle can compensate for the performance loss caused by using low-carbon fuels whilst improving emissions. Therefore, the optimal crank timing (−8% EIVC) and biodiesel fraction (B60) are found for the combination of Miller cycle and low-carbon fuels to reduce all emissions and improve power, torque and BTE simultaneously compared to the baseline. This optimal configuration is recommended to implement on commercial diesel engines to obtain significant reduction in emissions at negligible costs in engine performance.
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Nomenclature




	B0
	Pure diesel, 0% biodiesel in the blend



	B10
	B represents ‘biodiesel’; the number behind ‘B’, represents the percentage of biodiesel in the blend (here is 10%).



	BDC
	Bottom Dead Centre



	BMEP
	Brake Mean Effective Pressure



	BP
	Break power



	BSFC
	Brake Specific Fuel Consumption



	BT
	Brake torque



	BTE
	Brake Thermal Efficiency



	CA
	Crank Angle



	CMLF
	Combined Miller cycles with different low-carbon fuels



	CO
	Carbon Monoxide



	EIVC
	Early Intake Valve Closing



	HC
	Unburned Hydrocarbons



	LIVC
	Late Intake Valve Closing



	NOx
	Nitrous Oxide



	rpm
	Revolution per minute (engine running speed)



	VGT
	Variable-geometry turbocharger
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Figure 1. Miller cycle and standard cycle for diesel engine. 
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Figure 2. Schematic of the numerical model based on the test engine. 
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Figure 3. Model validation—comparison of (a) brake torque, (b) BTE, (c) brake power and (d) BSFC, between WAVE example model and baseline model. 
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Figure 4. Model validation—comparison of emissions (a) NOx, (b) HC, and (c) CO, and between WAVE example model and baseline model. 
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Figure 5. Comparison of (a) brake torque, (b) BTE, (c) brake power and (d) BSFC, for B0 LIVC operation. 
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Figure 6. Comparison of emissions (a) NOx, (b) HC, (c)CO, and (d) soot, for B0 LIVC operation. 
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Figure 7. Comparison of (a) brake torque, (b) BTE, (c) brake power and (d) BSFC, for B0 EIVC operation. 
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Figure 8. Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) soot, for B0 EIVC operation. 
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Figure 9. Comparison of (a) brake torque, (b) BTE, (c) brake power and (d) BSFC, with different diesel–biodiesel blends. 
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Figure 10. Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) soot, with different diesel–biodiesel blends. 
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Figure 11. Comparison of (a) brake torque, (b) BTE, (c) brake power and (d) BSFC, for different optimal setups. 
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Figure 12. Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) soot, for different optimal setups. 
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Table 1. Comparison of heating value of fuel types.
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	Fuel Type
	Energy Content (MJ/kg)
	Density at 20 °C (kg/L)
	Viscosity at 20 °C (mm2/s)
	Cetane

Number





	B0
	43.1
	0.83
	5.0
	50



	B7
	42.58
	0.834
	5.175
	50.42



	B20
	41.8
	0.84
	5.5
	51.2



	B40
	40.6
	0.85
	6
	52.4



	B60
	39.4
	0.86
	6.5
	53.6



	B80
	38.2
	0.87
	7.0
	54.8



	B100
	37.1
	0.88
	7.5
	56
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Table 2. Specification of the test engine.
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	Parameter
	Test Engine





	Displacement (L)
	1.9



	Bore (mm)
	79.5



	Stroke (mm)
	95.5



	No. Cylinders
	4



	No. Valves per cylinder
	2



	Max Power (kW)
	96 at 4000 rpm



	Max Torque (Nm)
	310 at 1900 rpm



	Turbocharger Type
	VGT
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Table 3. The test conditions of Miller cycles.
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	Miller Cycle Percentage (%)
	Change in Crank Angle (°)
	New Open Duration (°)





	−25%
	−64.5
	193.5



	−20%
	−51.6
	206.4



	−15%
	−38.7
	219.3



	−10%
	−25.8
	232.2



	−5%
	−12.9
	245.1



	0
	0.0
	258.0



	5%
	12.9
	270.9



	10%
	25.8
	283.8



	15%
	28.7
	296.7



	20%
	51.6
	309.6



	25%
	64.5
	322.5
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Table 4. The effect of the Miller cycle including both Eivc and Livc on the performance and emissions of a pure diesel engine at the rated speed, 3500 rpm (differences in % to the baseline without Miller cycle).
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	Miller Cycle (%)
	Torque (%)
	Power (%)
	BTE (%)
	BSFC (%)
	NOx (%)
	CO (%)
	HC (%)
	Soot (%)





	−25
	−5.32
	−5.32
	−0.87
	0.88
	−12.80
	−19.97
	−1.76
	20.53



	−20
	−0.65
	−0.65
	0.60
	−0.59
	−8.71
	−15.32
	−1.39
	14.15



	−15
	−4.45
	−4.45
	−3.16
	3.26
	−5.21
	−9.46
	−0.89
	7.09



	−10
	−0.13
	−0.13
	0.39
	−0.39
	−3.28
	−5.25
	−0.35
	5.66



	−5
	0.01
	0.01
	0.21
	−0.21
	−1.33
	−2.14
	−0.15
	2.44



	0
	0
	0
	0
	0
	0
	0
	0
	0



	5
	−0.35
	−0.35
	−0.28
	0.28
	0.56
	−0.37
	−0.03
	−1.95



	10
	−0.90
	−0.90
	−0.53
	0.53
	0.35
	−0.08
	−0.04
	−0.29



	15
	−1.59
	−1.59
	−1.00
	1.01
	−0.42
	−1.08
	−0.07
	−1.35



	20
	−5.27
	−5.27
	−4.84
	5.08
	−1.15
	−3.66
	−0.51
	−2.70



	25
	−4.84
	−4.84
	−2.43
	2.49
	−4.09
	−8.68
	−1.01
	4.14
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Table 5. The effect of changing the proportion of biodiesel on the performance and emissions at the rated speed compared to that of pure diesel (in %).






Table 5. The effect of changing the proportion of biodiesel on the performance and emissions at the rated speed compared to that of pure diesel (in %).





	Fuel
	Torque (%)
	Power (%)
	BTE (%)
	BSFC (%)
	NOx (%)
	CO (%)
	HC (%)
	Soot (%)





	B0
	0
	0
	0
	0
	0
	0
	0
	0



	B7
	−0.12
	−0.12
	0.11
	0.69
	−0.10
	−3.09
	−0.99
	−6.70



	B20
	−0.50
	−0.50
	−0.12
	2.41
	−2.16
	−10.00
	−2.85
	−17.31



	B40
	−1.09
	−1.09
	−0.68
	5.41
	−6.11
	−20.89
	−5.70
	−30.29



	B60
	−5.52
	−5.52
	−4.43
	12.19
	−10.04
	−33.62
	−8.33
	−40.79



	B80
	−1.66
	−1.66
	−3.47
	13.81
	−13.83
	−43.10
	−11.73
	−46.75



	B100
	−5.01
	−5.01
	−5.40
	19.07
	−19.57
	−51.66
	−14.63
	−49.27
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Table 6. Optimal results found for each fuel tested, combined with the use of the Miller cycle (given in % difference to baseline engine at the rated speed).
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	Fuel
	Miller Cycle (%)
	Torque (%)
	Power (%)
	BTE (%)
	BSFC (%)
	NOx (%)
	CO (%)
	HC (%)
	Soot (%)





	B0
	−18
	−1.61
	−1.61
	1.49
	−1.47
	−8.99
	−4.29
	−1.10
	21.27



	B7
	−17
	2.69
	2.69
	2.81
	−1.96
	−7.48
	−17.75
	−2.03
	9.59



	B20
	−13
	2.08
	2.08
	2.27
	0.03
	−7.45
	−21.24
	−3.53
	−6.01



	B40
	−12
	0.22
	0.22
	1.70
	2.95
	−11.32
	−31.56
	−6.00
	−20.14



	B60
	−8
	1.50
	1.50
	1.19
	5.96
	−13.29
	−38.54
	−8.92
	−33.02



	B80
	−7
	−2.28
	−2.28
	−2.50
	12.67
	−16.45
	−46.66
	−11.87
	−42.19



	B100
	−7
	−5.81
	−5.81
	−4.94
	18.49
	−21.56
	−54.31
	−14.76
	−46.91
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