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TASK 2 - Alternative Fuels in Ricardo WAVE
[bookmark: _Toc217906534]2.1 Fuel Property Configuration
Table 1 - Fuel properties used in Ricardo WAVE.
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[bookmark: _Toc217906535]RON95 shows the highest stoichiometric AFR value, consistent with its hydrocarbon composition and low oxygen content. E85 and Ethanol contain a large portion of oxygen, therefore, requires lower external oxygen for combustion, lowering their stoichiometric AFR values. (Heywood, 1988) The lower heating value (LHV) decreases for ethanol-based fuels due to reduced carbon and hydrogen content per unit mass, resulting in lower energy release during combustion. Ethanol displays the highest density as a result of its molecular structure while RON95 has the lowest. 
2.1.1 Fuel Chemistry Validation
To validate the values WAVE use for the fuel properties, a fuel blend calculator was created to estimate the AFR and LHV using fuel chemistry. 
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Figure 1 - AFR calculation from fuel chemistry for RON 95.
Figure 1 displays the chemical equations for RON95 used to calculate the AFR. RON 95 was assumed to contain 90% iso-octane and 10% ethanol using Heywood (1988) to support the iso-octane surrogate fuel. The fuel mass was calculated using the atomic number and element count of each blend. The air mass was calculated using the defined molar mass of air (assumed 28.97 kg/kmol by Cimbala, 2014) and divided by the fuel mass to calculate an AFR estimation of 14.836. The WAVE value for AFR was 14.7, therefore showing a high correlation with the fuel chemistry estimation, with just a 0.926% error. 
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Figure 2 - LHV calculation from fuel chemistry for LHV.
[bookmark: _Toc217906536]Figure 2 displays the use of enthalpy to predict the LHV for RON95. The enthalpy values were obtained from the fuel database. The enthalpy balance was calculated using the element count of the combustion equations. The average LHV was found using the fuel blend of isooctane and ethanol. The fuel chemistry prediction shows 42.69 MJ/kg, which shows a 2.6% error from the WAVE values, further providing confidence in WAVE assumptions. 
2.2 Torque and BMEP
Fuels were simulated under the same operating conditions to ensure fair analysis of performance and fuel consumption. The Morgan B48 was used in Ricardo WAVE at 15 set RPMs, the same engine geometry and boundary conditions for all fuel types.  
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Figure 3 - Comparison of the Torque of each fuel.
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Figure 4 - Comparing the BMEP values of each fuel.
[bookmark: _Toc217906537]Torque and BMEP remain similar across fuels, due to engine geometry, boundary conditions and combustion model parameters being kept constant for all simulations. Ignition timing was kept constant across all fuels, meaning that differences in knock resistance were not exploited within the model, which further explains the similarity in torque and BMEP and highlighting a limitation to the model. Small deviations can be seen during the initial rise at low engine speeds, which can be attributed to differences associated with fuel properties such as stoichiometric AFR. 
2.3 Brake Specific Fuel Consumption (BSFC)

Figure 5 - Comparison of BSFC for all fuels.
[bookmark: _Toc217906538]Figure 5 shows significant variation in BSFC between fuels, with RON95 producing the lowest and ethanol the highest. This is expected due to differences in fuel chemistry. Ethanol-based fuels contain a lower LHV and reduced stoichiometric AFR due to fuel-bound oxygen, requiring a greater fuel mass flow to deliver equivalent brake power (Heywood, 1988; Turns, 2012). The increase in BSFC with engine speed can be explained by rising frictional and pumping losses at higher speeds according to Stone (2012).
2.4 Cylinder Pressures and Combustion Events

[bookmark: _Toc217906539]2.4.1 Cylinder Pressures

Figure 6 - Comparing mean cylinder pressure between all fuels at 2000 RPM.

Figure 7 - Comparing mean cylinder pressures between all fuels at 5000 RPM.

Figure 8 - Comparing mean cylinder pressure for all fuels at 6500 RPM.
Figures 6-8 show that at all engine speeds, RON95 produces a higher peak cylinder pressure and an earlier peak pressure crank angle compared to the ethanol-based fuels. This is attributed to small variations in the resultant combustion identification despite the unchanged combustion model, where small shifts in SOC and burn progression from lambda differences etc lead to earlier pressure rise occurring closer to TDC. 
Peak cylinder pressures are highest at 5000 RPM for all fuels, this is a result of maximum volumetric efficiency, which leads to increased heat release and pressure. At lower engine speeds, reduced air mass limits peak pressure, while at higher speeds thermal losses result in lower peak pressures. Overall, the similarity in pressure traces across fuels confirms that combustion behaviour is governed by fixed engine geometry and combustion model parameters, with only small fuel type differences seen. 


Figure 9 - Comparing the rate of pressure rise between fuels at 6500 RPM.
The rate of change of pressure shows little variation between fuels, confirming that combustion behaviour is dominated by the simplified combustion model rather than fuel-dependent effects, demonstrating a limitation with the WAVE model.

[bookmark: _Toc217906540]2.4.2 Cumulative Heat Release and MFB

Figure 10 - Comparison in cumulative heat release for all fuels at 5000 RPM.
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Figure 11 - MFB for RON 95 at 5000 RPM with CA10, CA50 and CA90 plotted.
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Figure 12 - MFB for Ethanol at 5000 RPM with CA10, CA50 and CA90 plotted.
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Figure 13 - MFB for E85 at 5000 RPM with CA10, CA50 and CA90 plotted.
[bookmark: _Toc217906542]The cumulative heat release and MFB curves are almost identical for all fuels, resulting in similar SOC and burn duration values. This is expected, due to simplified combustion model, preventing fuel-dependent flame propagation effects from being captured. The slightly earlier SOC observed for RON95 is consistent with the small differences in pressure rise discussed previously. 
In reality, ethanol-based fuels produce higher laminar flame speeds and enhanced combustion characteristics as a result of fuel-bound oxygen, which promotes flame propagation. Under optimised ignition timing conditions, this typically results in higher burn rates and shorter combustion durations compared to gasoline fuels (Heywood, 1988; Turns, 2012; Stone, 2012). As a result of the fixed ignition timing, the cumulative heat release and mass fraction burned profiles are largely insensitive to differences in flame speed, representing a limitation of the model when interpreting.
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Figure 14 - Comparing the lambda of each fuel.
RON95 consistently operates at a higher lambda, indicating a leaner mixture compared to E85 and ethanol. Leaner mixtures are associated with reduced flame temperatures which decrease laminar flame speed and can lead to longer combustion durations if ignition timing is unchanged (Heywood, 1988; Turns, 2012). However, in the current WAVE simulations, combustion duration and phasing are prescribed and therefore these mixture-dependent flame speed effects are not reflected in the MFB results.
2.4.3 In-cylinder temperature and NOx formation

Figure 15 - Temperature comparison between fuels.
Although in-cylinder temperature is not a direct representation of flame temperature, it provides an indicator of the thermal environment governing NOx formation. The simulated temperature traces closely follow the pressure and cumulative heat-release profiles and produce similar peak temperatures and phasing across fuels, reflecting the simplified combustion phasing imposed within the WAVE model. As thermal NOx formation via the Zeldovich mechanism is dependent on temperature and residence time, these temperature graphs imply minimal variation in predicted NOx emissions between fuels. However, ethanol-based fuels typically produce lower peak temperatures due to their higher latent heat of vaporisation and altered combustion characteristics, which can reduce thermal NOx formation when ignition timing is optimised (Heywood, 1988; Turns, 2012; Stone, 2012). 
2.5 Model Limitations
[bookmark: _Toc217906543]As previously mentioned, the use of a predefined combustion model represents a key limitation, as fuel-dependent flame propagation effects are not captured. In reality, ethanol-based fuels typically produce higher laminar flame speeds and shorter combustion durations, while leaner mixtures reduce flame speed and extend burn duration. As ignition timing and burn duration were constant, SOC and BDUR remain largely unchanged between fuels, limiting the physical interpretation of combustion phasing. Furthermore, in reality, an engine must be mapped and timed accordingly and so the WAVE models use many assumptions. 
Knock resistance effects are not captured in the present model, as ignition timing and compression ratio were not changed between fuels. In reality, as Heywood (1988) explains, the higher-octane rating of ethanol-based fuels produces advanced combustion phasing, which increasing efficiency and reducing fuel consumption. The absence of knock-limited optimisation therefore underestimates potential performance benefits associated with alternative fuels.
In-cylinder heat transfer is not related to fuel type in the model. In reality, differences in flame temperature and combustion duration influence wall heat losses, particularly for ethanol-based fuels which produce lower combustion temperatures. This limitation may affect both efficiency and emissions predictions (NOx production). 
Fuel density is treated as constant within the model, whereas in reality, it varies with temperature. This simplification neglects thermal expansion effects, which can influence injected fuel mass and volumetric fuel flow. This limitation is particularly relevant for ethanol-based fuels, which produce greater density variation with temperature, affecting lambda and fuel consumption.
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Comparing BSFC between fuels.
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Cylinder Pressure (Pa




Mean cylinder pressure comparison between fuels - 5000 RPM
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Clinder Pressure (Pa)




Mean cylinder pressure comparison between fuels - 6500 RPM
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Cylinder Pressure (Pa)




Rate of change in pressure between fuels - 6500 RPM
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Rate of change in pressure




Cumulative Heat Release (J) - Comparing fuels (5000 RPM)
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Cumulative Heat Release (J)




Cylinder Temperature (K) Comparison between fuels at 500 RPM
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