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Abstract
In the face of the twin challenges of global warming and fossil fuel depletion, traditional internal combustion engine vehicles are still very popular, despite the rapid development of new energy vehicles. This study assumes that internal combustion engine vehicles will continue to be sold beyond 2035 and explores the scenario by adding 20% ethanol to gasoline fuel. In this paper, simulations were carried out using Ansys Forte and Ricardo Wave software, and the results were also compared and verified to ensure the validity of the simulations. The performance and emissions of a pure gasoline engine and a dual fuel gasoline/ethanol engine were compared. The simulation results show that the addition of ethanol leads to a reduction in in-cylinder temperature, pressure and chemical heat release, as well as a reduction in the risk of detonation. In addition the dual fuel engine shows a reduction in CO2, CO and NO emissions, however NO2 emissions increase. A final analysis of the engine torque output showed that although the addition of ethanol slightly reduced the engine torque, the overall effect on engine performance was minimal.
1. Introduction
1.1 Background
Countries around the world are facing the double pressure of global warming caused by the greenhouse effect and the gradual depletion of oil resources. The internal combustion engine is a major consumer of oil resources, consuming 60 percent of the world's oil. At the same time, the rapid development of the automobile industry has led to a continuous increase in the number of cars in the world. Despite the rapid development of the new energy automobile industry in the world, new energy vehicles still account for a relatively low proportion compared with the huge number of ICE cars. At present, most of the cars in the UK are still traditional cars with internal combustion engines as the core power unit, relying on the combustion of fossil fuels such as gasoline and diesel to generate power to drive the vehicle. On the one hand, a large amount of fossil fuel combustion will produce carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), particulates (PM) and other harmful substances, bringing acid rain, the greenhouse effect and other environmental problems, endangering human health; on the other hand, fossil fuels belong to the non-renewable energy sources, which as a vehicle fuel is rapidly consumed also brought about serious energy problems. Therefore, solving the environmental and energy problems brought about by traditional vehicles is a great challenge that the automotive industry must face. The development of green and renewable alternative fuels and the application of new internal combustion engine technologies are two important ways to achieve energy saving and emission reduction and to solve the energy crisis and environmental problems[1], [2].

All new petrol and diesel-powered cars and vans are set to be banned from sale in the UK in 2035, following a government move to postpone the measure that was originally scheduled to come into effect in 2030. But in this paper it is assumed that ICE can still be sold in 2035, attempting to reduce emissions by adding 20% ethanol to gasoline.

1.2 Literature Review
1.2.1 Dual Fuel Engine
The application of dual fuels in engines can improve the thermal efficiency of the engine and reduce the emission of harmful pollutants such as CO, HC, NOx and particulates. Researchers have used a variety of substances as alternative fuels in gasoline engines to improve engine performance and reduce fuel consumption while reducing pollutant emissions.

Yontar et al. investigated the comparative effects of gasoline and compressed natural gas (CNG) as fuels on engine performance and emissions. Due to the cooling effect of gasoline during vaporisation, the gasoline engine has higher torque and power than the CNG/gasoline engine. However, at low speeds, the CO2 emissions of the dual-fuel engine are reduced because of the lower carbon content of CNG; and HC emissions decrease with increasing engine speed and are much lower than those of a gasoline-only engine; NOx emissions increase with increasing speed and their emissions exceed those of gasoline [3].

1.2.3 Physical and chemical properties of ethanol
With increasingly stringent fuel consumption and emission regulations, methanol, ethanol and butanol have attracted much attention in the field of alternative fuels for gasoline engines in recent years due to their unique physical and chemical properties. Methanol has excellent combustion and emission properties, but its high toxicity, which can damage the optic nerve and cause blindness and, in severe cases, death, makes it difficult for methanol to be massively promoted as an automotive fuel. As a second-generation biomass fuel, butanol has a low latent heat of vaporisation and properties similar to those of gasoline, so it can be used without the need for much modification of gasoline engines. Although butanol can be produced by ABE fermentation and IBE fermentation, the concentration of butanol in the fermentation broth is low, and the process of separating and purifying butanol consumes a lot of energy, which leads to high production cost of butanol. Therefore, due to the high cost problem, it is still difficult to apply butanol as a vehicle fuel on a large scale in the short term [4].

Compared with methanol and butanol, ethanol has low toxicity, mature production and preparation technologies, and excellent combustion and emission performance, making it a highly promising alternative fuel for gasoline engines. As a clean and efficient renewable fuel, ethanol is being used more and more widely around the world. Among them, the use of ethanol fuel is gradually expanding in the United Kingdom, the United States and China. Ethanol is usually used as a gasoline additive in ignition engines or as a fuel on its own. Compared with gasoline, ethanol fuel has many advantages such as higher latent heat of vaporisation, higher octane number, faster flame propagation and smaller equivalence ratio. At the same time, ethanol is an oxygenated fuel, which can promote the mixture combustion, make the combustion more complete, improve the combustion efficiency, and reduce the emission while improving the power output of the engine, Table 1.1 shows the parameters of the physical and chemical properties of ethanol and gasoline [5].

Table 1.1 Physical and chemical parameters of ethanol and gasoline
	
	Ethanol
	Gasoline

	molecular formula
	C2H5OH
	C4-C12

	octane rating
	100
	95

	density (kg/L)/298K
	0.785
	0.715-0.765

	viscosity (mm2/s)/298K
	1.38
	0.7-0.76

	lower heating value (MJ/kg)
	26.8
	43.5

	latent heat of vaporization (kJ/kg)/298K
	904
	380-500

	theoretical air-fuel ratio
	9.0
	14.7

	oxygen content (wt.%)
	34.8
	-

	minimum ignition energy (mJ)
	0.63
	0.24

	laminar flame speed (cm/s)
	48
	33-44



Many researchers have studied the combustion and emission performance of ethanol/gasoline dual fuel in gasoline engines to further explore the potential of ethanol as an alternative fuel for gasoline engines. On the one hand, gasoline can solve the cold-starting problem faced by ethanol; on the other hand, ethanol as an alternative fuel can reduce the consumption of gasoline, and at the same time, it can optimise the combustion of gasoline in the cylinder, improve the efficiency of the engine, and reduce the emission of harmful pollutants from the engine.

Cohn et al. proposed for the first time that in-cylinder direct injection of ethanol can improve the performance of gasoline engines, when the engine needs a larger torque output, a small amount of ethanol can be injected directly into the cylinder as an antiknock agent, using ethanol's high antiknock properties to alleviate the engine's detonation combustion; at the same time, ethanol's greater latent heat of vaporisation can also be played the role of in-cylinder cooling [6].

Qian et al. investigated the ethanol intake tract injection + gasoline direct injection (EPI+GDI) dual-fuel engine and found that an elevated percentage of ethanol injection prolonged the flame development period and rapid combustion period, but reduced the engine's NOx emissions, HC emissions, and non-conventional emissions such as aromatic hydrocarbons, olefins, and alkanes [7].

2. Numerical Model and Simulation Validation
2.1 Numerical Model
In this paper, the simulation of a pure gasoline engine and a gasoline/ethanol dual fuel engine are performed separately to compare the engine performance and emission and other related parameters. Ansys Forte and Ricardo wave software will be used. Among them, Forte mainly performs CFD simulation in a single cylinder, which is used to analyse the temperature, pressure and emissions in a single cylinder. And the pure gasoline engine model is validated by comparing it with the data in the published papers. Then the dual fuel engine simulation is performed by mixing 20% ethanol in gasoline as fuel. Where Wave mainly performs the simulation of a complete four-cylinder engine, mainly for the comparison of the performance of the whole engine with two different fuels.

2.1.1 Ansys Forte
ANSYS Forte is an advanced combustion simulation software developed for the design and optimisation of internal combustion engines. In this paper, a 1.2L manifold injected inline four-cylinder gasoline engine model with a type combustion chamber is used. In order to reduce the simulation time, a simplified one-sixth single-cylinder model is used in this paper, and only the compression and work strokes of the engine are simulated, so the model does not contain intake and exhaust valves. It is assumed that the cylinder is already filled with a mixture that is already premixed.

Firstly, the single-cylinder simplified model is imported into Forte software for meshing, with a mesh size of 0.16 mm. where the model and parameters of the engine are shown in Fig. 2.1 and Table 2.1, respectively, and next the laminar flame model is set up, and the Guelder model is selected in order to accurately compute the propagation speed of the flame.

Table 2.1 Parameters of the Engine
	Parameter
	Value

	bore diameter/mm
	82.6

	stroke/mm
	68.58

	compression ratio
	13


[image: ]
Figure2.1 Geometric model of the engine

The model in this simulation is a manifold injected SI engine and the cylinder is already filled with mixture so there is no need to set up a Spray Model. Next the Spark is set up in the software and the spark plug is placed at the centre of the cylinder. The ignition moment and ignition duration of the spark plug are shown in Table 2.3.

The setting of initial and boundary conditions has an important impact on the accuracy of the simulation. Because no experiments are included in this paper, in order to verify with the experimental results and ensure the accuracy of the simulation, the initial conditions and boundary conditions in this paper are set according to the published papers. Some of the boundary conditions are shown in Table 2.2.

Table 2.2 Boundary Conditions of the Model[8]
	Parameter
	Value

	piston temperature/K 
	537.5

	cylinder head temperature/K 
	488.5

	 cylinder wall temperature/K
	433.0

	intake air temperature/K
	310.3



The flow field in an engine cylinder is very complex due to the flow of air and chemical reactions from combustion. So it is important to select an appropriate model to accurately simulate the combustion reactions and fluid flow in the cylinder. RANS RNG k-epsilon is chosen as the model for this study because it can be applied to simulate gasoline combustion with high accuracy. Also in Forte only compression and work strokes are simulated, so the initial crank angle is  and the final simulation crank angle is .

Finally, the output control is set up, and various physical parameters needed in the reprocessing, such as pressure, temperature and speed, are set up in the spatially resolved. It is also necessary to set the various emissions that need to be detected in the mass fraction in spatially averaged, such as CO2, CO, NO2 and so on.

Table 2.3 Operation Conditions of the Engine
	Parameter
	Value

	speed (rpm)
	2500

	fuel-air ratio
	16.7:1

	gasoline-ethanol ration
	8:2

	 hydrogen volume fraction (%)
	10

	ignition timing (° CA ATDC)
	-25

	ignition duration (° CA )
	10



2.1.2 Ricardo Wave
Ricardo Wave is a one-dimensional aerodynamic simulation and engine simulation software that can simulate any kind of internal combustion engine with intake system, exhaust system and combustion system. In this paper, a complete 4-cylinder engine is modelled in Wave with complete intake and exhaust systems as shown in Figure 2.2. The key data on the combustion aspects of the single cylinder obtained from Forte in the previous section are imported into Wave to analyse the performance metrics of the complete engine, such as pressure, torque, etc.

Firstly, the intake system is set up, as shown in the left part of Fig. 2.2, which contains Intake ambient, snorkel, airbox, filter, throttle and manifold, respectively. in this paper, we focus on analysing the performance difference between pure gasoline engine and gasoline/ethanol dual fuel engine, so the throttle plate is set to  in both simulations. Next, the cylinder part of the engine is set up. The parameters of each cylinder are consistent with those in Forte to ensure the accuracy of the simulation, and the Location of 50% burn point and Combustion duration obtained from Forte are set in SI Wiebe Combustion in wave. Finally, the setup of the exhaust system is completed, which contains manifold, catalytic converter, resolver and complex muffler respectively.
[image: ]
Figure2.2 1-D Engine model

2.2 Simulation Validation
The CFD simulation in this paper is done in Ansys Forte. In order to accurately simulate the engine operation process, the numerical simulation results are verified by the experimental results when the engine is running at 2500 rpm, the experimental results are shown in Fig. 2.3 [8] and the simulation results are shown in Fig. 2.4. When the engine is running at 2500 rpm, the maximum pressure of the experimental cylinder is 7.19 MPa, and the maximum value of the simulated cylinder pressure is 7.05 MPa. Therefore, the values of the experiment and the simulation are very close to each other, and it can be assumed that the simulation can effectively simulate the process of running the engine with this cylinder model. Next, based on this model, the simulation of gasoline/ethanol dual-fuel engine is carried out.
[image: ]
Figure2.3 Experimental values of cylinder pressure

Figure2.4 Simulation values of cylinder pressure
3. Analysis
3.1 Single Cylinder Performance Analysis
This part mainly analyses the performance parameters of single cylinders and compares the effects of pure gasoline engine and gasoline/ethanol dual-fuel engine on parameters such as pressure and temperature inside the cylinder. Firstly, the variation of cylinder pressure with crank angle is analysed, as shown in Figure 3.1. When the ignition time is reached, the in-cylinder pressure of the two fuels begins to show obvious changes, indicating that the mixture in the cylinder begins to burn at this time, and the pressure changes substantially. The maximum pressure is reached when the crank angle is he maximum cylinder pressure of the gasoline engine is 7.05 MPa, and the maximum pressure of the dual-fuel engine mixed with 20% ethanol is 5.89 MPa The pressure of the ethanol-mixed engine is significantly smaller than that of the gasoline engine. Also the lower cylinder pressure reduces the pressure on the internal parts of the cylinder such as pistons, connecting rods and crankshaft, which improves the life of these parts.

[image: ]
Figure3.1 Cylinder pressure

Since the one in Forte only simulates the two strokes of compression and work, there is no complete process of cylinder operation. Therefore the Pressure-Volume diagram of the cylinder is obtained from wave as shown in Figure 3.2. During the work making stroke phase, the combustible gas mixture is ignited and there is a large difference in the pressures generated by the two fuels, where the pressure of pure gasoline is higher than that of the dual fuel gasoline/ethanol.
[image: ]
Figure3.2 P-V diagram

Next the temperatures in a single cylinder are analysed, as shown in Figure 3.3. When the moment of ignition is reached, there is a significant change in both fuels. The temperature reaches its maximum when the crank angle is, 2418.5k for the gasoline engine and 2284.47k for the dual fuel engine. therefore the maximum in-cylinder temperature for the gasoline engine is higher than the maximum temperature for the dual fuel engine containing ethanol. From the graphs it can be seen that the temperature and pressure peaks later in the dual fuel engine than in the pure gasoline engine, which means that the combustion of the fuel mixture lasts longer which reduces the peak temperature of the combustion process and also reduces the production of nitrogen oxides and helps reduce the tendency of the engine to detonate, which is often caused by the rapid combustion of the gas mixture. This is because ethanol has a large latent heat of vaporisation, and ethanol absorbs a large amount of heat in the cylinder as it vaporises. This causes both the temperature and pressure in the cylinder to drop.

[image: ]
Figure3.3 Cylinder temperature

Continuing with the analysis of the chemical heat release rate, it is shown in Figure 3.4. The chemical heat release rate is the energy released per unit crank angle during combustion. When analysing the combustion performance of an engine, the chemical heat release rate is a key indicator which reflects the fuel combustion. The peak chemical heat release of the blended fuel is significantly lower than that of the pure gasoline engine, which indicates that pure gasoline releases more energy per unit of time, and therefore the temperature inside the cylinder is higher. The slope of the rising process of chemical heat release is also analysed and the rising process reflects the characteristics of the combustion initiation stage. Blended fuels correspond to a smaller slope of the curve, indicating slower combustion and less risk of detonation.

[image: ]
Figure3.4 Chemical heat release rate
Finally, analyse the velocity nephogram on the temperature 800k isosurface. Import the calculation results in Forte into CFD-post for post-processing. Create a 800K temperature isosurface and display velocity nephogram on the isosurface. As shown in Figures 3.5 and 3.6, the velocity nephograms for crankshaft angles 5 and 10, respectively. At a crankshaft angle of 5, the maximum gas velocity for petrol engines is 1.251m/s, while for dual-fuel engines 1.188m/s is lower. The maximum gas velocity for petrol engines is 2.855m/s at a crankshaft angle of 10, while for dual-fuel engines 1.433m/s is lower. At this time, the 800K gas in the cylinder of the gasoline engine has reached the side of the combustion chamber, indicating that the flame spreads faster. In contrast, the flame propagation speed of the dual fuel is slower, indicating less risk of detonation.
[image: ] [image: ]
(a)Gasoline                        (b)Gasoline/Ethanol
Figure3.5 Velocity at a crank angle of  on an 800k temperature isosurface
[image: ] [image: ]
(a)Gasoline                        (b)Gasoline/Ethanol
Figure3.6 Velocity at a crank angle of  on an 800k temperature isosurface
3.2 Engine Emissions Analysis
According to the literature review it is known that gasoline/ethanol blends have a greater optimisation of engine emissions. As shown in figure 3.7-3.10 Variation of CO2, CO, NO2 and NO emission with crank angle respectively, when crank angle is  the spark plug ignites, fuel is ignited and various emission substances start to be produced. The CO2 emission of the blended fuel is reduced from 0.552g to 0.527g compared to the pure gasoline.

CO is generated when the fuel is first combusted due to insufficient combustion in the cylinder, resulting in the rapid generation of large amounts of CO. When the crank angle is , the production of CO reaches its maximum value, and at this time the temperature in the cylinder also reaches its maximum value. This large amount of CO is completely oxidised to CO2 at high temperatures and eventually reaches a stable value after combustion is complete. The pure gasoline fuel produced 0.017g CO2, however the dual fuel produced only 0.0048g.

[image: ]
Figure3.7 Variation of CO2 emission with crank angle
[image: ]
Figure3.8 Variation of CO emission with crank angle
Adding ethanol to the fuel blend results in an increase in NO2 emissions and a decrease in NO emissions. This may be due to the fact that ethanol, as an oxygenated fuel, may provide additional oxygen molecules during its combustion, which contributes to NO formation and may facilitate the conversion of NO to NO2.
[image: ]
Figure3.9 Variation of NO2 emission with crank angle
[image: ]
Figure3.10 Variation of NO emission with crank angle
3.3 The whole engine performance analysis
Finally the output torque of the engine is analysed as shown in Figure 3.11. Comparing the output torque of the two fuel engines it can be seen that different torques are produced only at the stage of the work stroke. The maximum output torque of the gasoline engine is 441.8 N.m, while the maximum output torque of the dual-fuel engine mixed with 20% ethanol is 425.58 N.m. This shows that mixing some ethanol in the gasoline has a certain reduction in the output torque of the engine, but the reduction of the output torque is not significant, so it does not have much effect on the overall performance of the engine.
[image: ]
Figure3.11 Engine Torque


4. Conclusion
In this paper, a dual fuel of gasoline/ethanol is formed by adding 20% ethanol to gasoline. Two software  Forte and Wave are used to simulate the engine for both the fuels, where Forte is used to simulate the fuel combustion process in a single cylinder and Wave is used to simulate the whole engine operation. The comparative analysis concludes that the addition of ethanol to the fuel leads to lower pressure and temperature during combustion in the cylinder. This may be due to the fact that ethanol has an increased latent heat of vaporisation and it absorbs a large amount of heat during the process of vaporisation. A comparison of the chemical heat release rate and the velocity cloud shows that the combustion is slower, indicating less risk of detonation. Comparing the emissions from the combustion of the two fuels, it can be seen that the blended fuel produces less CO2, CO and NO emissions than gasoline, which may be due to the lower temperature and pressure in the cylinder. However, the blended fuel produces more NO2 than gasoline, which may be due to the fact that ethanol is an oxygenated fuel, which may provide additional oxygen molecules during combustion, leading to the production of more NO2. The final comparison is the output torque of the engine using both fuels. Although the ethanol blend produces slightly less torque, it has little effect on the engine's output torque.

Therefore, the gasoline/ethanol dual-fuel engine will reduce the temperature and pressure in the cylinder and will reduce the emissions of three pollutants CO2, CO and NO but NO2 emissions will increase and will not yet have a significant impact on the engine's torque output.
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