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[bookmark: _Toc507079676]1.0 Introduction

In this report engine maps have been created on a Naturally Aspirated engine, the vehicle assumed to be used is an Audi A3, 1.6ltre. The vehicle needed to meet the emissions cycle by using different values of lambda to achieve the desired fuel equivalence ratio. The maps created are for fuel consumption, ignition timing and a strategy for knock protection and cranking and taking into consideration temperatures at high loads. 
From carburettors to fuel injection, fuelling strategies in modern technologies have never been better or cleaner, so society and the government think. Since the Volkswagen scandal of the defeat device a new drive cycle has been introduced, a random test cycle. 
With stricter European Legislations and a new drive cycle, World Light-Vehicle Test Procedure being introduced in September 2018, stricter laws and growing technology means tighter emissions for vehicles.  
The New European Drive Cycle, NEDC full test starts with four repetitions of the urban drive cycle over approximately 200 seconds. The cycle is showing city conditions using low load and low exhaust gas temperature and an extra urban drive cycle, with a more aggressive and high-speed mode. 
Using the type of base maps in this report, alongside an intelligent ECU, fuelling strategies can be manipulated to suit these test conditions to meet the current legislations for emissions. 
This report is presenting the correlation between mapping and how it is tuned to achieve the correct timing for ignition, to then have the best power with still stricter emissions.   



[bookmark: _Toc507079677]2.0 Mapping 

[bookmark: _Toc507079678]2.1 Drive Cycle, NEDC  
800RPM has been used as the starting point for the RPM, this is because the engine is idling (uk-air.defra, n.d.).  
Figure 1 is showing the section of the table which is used for the NEDC drive cycle, this information is known as it has been completed from another report by the author. During the emissions cycle, the vehicle is only run at part load at lower RPM’s, the use of Lambda 1 has been used at low load, low RPM to meet the fuelling requirements of the legislation. Figure 1 is showing the Engine Torque on the left-hand side, in response to the RPM, on the top of the table. This section will discuss the benefits and reasoning of using different lambda or fuel equivalence ratio settings and ignition for different loads and RPM. Figure 2 is from a previous report carried out on the NEDC drive cycle, and it is showing the maximum RPM the vehicle can [bookmark: _Ref506544520][bookmark: _Toc507078627]Figure 1 Drive Cycle Highlighted


[image: ][bookmark: _Ref507052500][bookmark: _Toc507078628]Figure 2 Drive Cycle Maximum Calculated RPM





[bookmark: _Toc507079679]2.2 Maps 

[bookmark: _Toc507079680]2.2.2 Lambda 

Lambda is the ratio of the actual Air:Fuel Ratio to the stoichiometric Air:Fuel Ratio, 14.7:1 (EngineeringToolBox, n.d.). Stoichiometric combustion is the ideal combustion where all the reactants in the air and fuel have mixed with limited dissociation of the molecules. With any unburned molecules in the exhaust, it emits C,H2 and CO, this means the combustion is uncomplete. To ensure that the engine is mapped efficiently at different temperatures and loads and to meet the drive cycle, lambda has been used against load and rpm range and been altered to achieve best fuel consumption and emissions. 
[bookmark: _Toc507079681]2.2.2.1 Lambda Data 
With air deficiency, lambda is less than 1, indicating a rich mixture. Enriching can help protect engine from overheating, reducing exhaust gas temperatures as fuel is only being converted to CO. 
 “Maximum engine output results at Lambda = 0.85 to 0.95” (Reif, 2014) 
With air surplus, lambda is more than 1, indicating a lean mixture, the excess air is characterised by reduced fuel consumption. The maximum value for lean lambda is dependent on engine. If it is too lean, the mixture will no longer be ignitable. At higher RPM’s the temperature will be increasing adding extra fuel will be reducing the temperature. 
Table 1 IsoOctane Reactants and Products
	C8H18 + 12.5 (O2 + 3.76N2)    
	=> => =>
	8 CO2 + 9 H2O + 47N2


	[bookmark: _Toc507078648]Equation 1 Mass of IsoOctane




Adding mass to the combustion products lowers the temperatures as the air and fuel mixture has become diluted. 

[bookmark: _Toc507078649]Equation 2 Ideal Gas Law


	Where:
	

	P
	Pressure

	V
	Volume

	R
	Universal Gas Constant 

	n
	No of Moles 





[bookmark: _Toc507078629]Figure 3 Lambda Excel Data










[bookmark: _Toc507079682]2.2.2.2 Lambda 3D Map


[bookmark: _Toc507078630]Figure 4 Lambda Map



[bookmark: _Toc507079683]2.2.3 Equivalence Ratio 

[bookmark: _Toc507078650]Equation 3 Fuel Equivalence Ratio


The equivalence ratio is the ratio of actual fuel to air ratio divided by the theoretical fuel to air ratio, the theoretical ratio is the stoichiometric ratio. If the equivalence ratio is less than 1 it is a lean mixture, when the equivalence ratio is greater than 1 it is a rich mixture. 

[bookmark: _Toc507079684]2.2.3.1 Equivalence Ratio Excel Data
[bookmark: _Toc507078631]Figure 5 Equivalence Ratio Excel Data



[bookmark: _Toc507079685]2.2.3.2 Equivalence Ratio 3D Map
[bookmark: _Toc507078632]Figure 6 Equivalence Ratio Map



[bookmark: _Toc507079686]2.2.3.3 Flame Speed

[bookmark: _Toc507078651]Equation 4 Laminar Flame Speed

	Where:
	

	Bm
	26.3 (cm/s)

	B λ
	-84.7 (cm/s)

	λm
	Air Fuel Equivalence Ratio, where Bm is max = (0.88) 



For IsoOctane to achieve the maximum power, 0.88 is used for lambda (Reif, 2014). 
Lean patches are not good for flame speed, running rich means that it won’t take as long for flame speed to move as they are cold. The maximum average flame speed is to avoid lean patches by running rich (McDonald, 2018). As the molecules get bigger the speed gets slower, therefore it must warm up ahead of the flame to burn faster and smaller molecules burn faster as they have higher random velocity and feed flame faster. The less air and fuel in the cylinder, the lower the flame speed will be. As you have less fuel it will burn slower, so you lean off to Lambda=0.85. 


[bookmark: _Toc507079687]2.2.3.4 Justification for Lambda and Fuel Equivalence Ratio Data
Due to the fuel equivalence ratio and the lambda being in relation to one another analysis is being completed in one section. As stated in the brief, the mapping needs to emit power but keep to the drive cycle standards. The lambda circled is showing that at legal testing it is 1 where the fuel consumption is important, this is the drive cycle section as mentioned in the first section. [bookmark: _Ref507060227][bookmark: _Toc507078633]Figure 7 Audi Power Range

To protect the catalysts, exhaust gas treatment with a 3-way catalyst convertor can only convert all three pollutants mentioned above at Lambda = 1 (Reif, 2014). 
Spark ignited engines achieve the lowest fuel consumption at constant engine output at 20 to 50% air surplus, Lambda = 1.2 to 1.5 (Reif, 2014)  this can be seen at low load and high RPM. 
The smaller circle is showing that at higher RPM, lambda is between 0.8-0.88 this is to achieve the power range. Figure 7 was used to find where to input the most power, this was used at mostly 3500-4500RPM as will be the useable power of the engine. 
 At low load and low RPM, the fuel mixture is slightly rich, this is due to having low air speed at idle, that the intake can experience fuel drop out. 
The bottom row is showing the overrun when the engine goes from high RPM to low load and down to low RPM. Leaning the fuel at low load and high rpm gives a desirable popping noise, due to unburned fuel igniting on the overrun. 
At high RPM, the engine will be experiencing high temperatures, applying a rich lambda at high RPM will cool off the valves and the temperature to limit knock.  














[bookmark: _Toc507079688]2.2.4 Ignition Timing 
As combustion does not complete instantly, and the volume is changing, ignition timing is critical for combustion to achieve the most useful work. Igniting the mixture early, the pressure can increase due to the heat from the flame before TDC and would generate negative work. If the mixture isn’t ignited on time, the heat release process is not efficient enough to emit enough torque (Guoming., 2003). 
[bookmark: _Toc507078634]Figure 8 Ignition Timing on A Pressure vs Angle Graph















[bookmark: _Toc507079689]2.2.4.1 MBT Timing - Maximum Brake Torque Timing  
MBT timing for an internal combustion engine can also be called minimum spark timing for the best torque, or maximum brake torque. Unless the engine is limited by engine knock or emission standards then MBT timing will need to be in operational conditions. In this case, it has been inputted for mid-range use of RPM and mid load. Traditionally, MBT timing for an engine will be determined by completing a spark sweep process that requires a substantial amount of time to obtain MBT calibration. Based on research, the peak cylinder pressure occurs around 15° after top dead centre, ATDC, at MBT timing. The 50% of mass fraction burned point occurs between 8-10° ATDC when MBT timing is achieved. By combining the combustion process and the cylinder volume it will achieve the best torque output (Guoming., 2003). 
[bookmark: _Toc507079690]2.2.4.2 Knock 
Knock is the name given to the noise transmitted through the engine structure. It is spontaneous ignition that happened ahead of the propagation flame. There is an extreme rapid release of pressure from the flame and pressure waves of high amplitude spread across the chamber. There is also a type of knock which occurs on a hot surface, it can happen before spark or after. A flame develops on an overheated service or deposits in the chamber, creating a pressure wave (Fouzi, 2015). In an engine with pinging, the flame front can be 12 times as faster than normal (peugeotlogic, n.d.). This causes an excessive increase of pressure and temperature inside the combustion chamber, the higher temperatures will cause the unburned mixture to self-ignite and then accelerate the combustion process further. The second combustion is what causes the pinging noise in the engine. These vibrations are picked up by knock sensors, and the ignition timing is retarded until the knock is no longer detected. 




[bookmark: _Toc507079691]2.2.4.3 Ignition Timing Map 
[bookmark: _Toc507078635]Figure 9 Ignition Timing Map


[bookmark: _Toc507078636]Figure 10 Ignition Timing 3D Map




The engine used has 2 valves per cylinder, compared to a 4 valve cylinder the ignition will be more advanced than a 3 due to less efficiency engine chamber design (Walker, 2008). 
The ignition map has been separated into different sections for different applications, Low Load/Cruising/ High Load/Overrun. As the RPM increases from 800RPM to 3000RPM the flame will not be in correlation to the speed, so the ignition has been advanced. Above 3000RPM the temperature rises, and the laminar flame speed keeps pace with RPM and burn duration stays constant. 
The minus numbers in the table are representing the crank angle at 3 degrees after top dead centre, the ignition has been well retarded from MBT to keep the idle speed under control and to stop the engine overrunning. On deceleration, retarding the ignition will give smoother engine braking, and it will give the exhaust popping noise. 
 Due to the slower combustion at light loads the ignition has been advanced. When lift off accelerator and less air is in the cylinder. With a low crank angle, the ignition can suddenly be retarded, this can be to torque curve or avoid detonation. The Audi A3 at light loads has an advance of 40-47° in the 2500RPM-4500RPM and mid load region, this is for responsiveness and economy. 
The ignition timing begins to retard at high load and high RPM to limit any knock in the engine, at high RPM and low-mid load it has also been retarded as the power begins to decrease. At the peak power, (in bold) the ignition has been advanced to 35-40°. 
[bookmark: _Toc507079692]2.2.4.4 Strategy for Knock Protection, Fuelling and Starting 
When mapping for cold starting, the cranking enrichment has to decay away. The engine is now running on warm enrichment, the temperature is cooled. Influencing the temperature can depend on advancing the ignition as this helps to increase cold idle rpm, making the engine run smooth. 
The right cold running mixture at idle is to have less enrichment and increased engine speed, the higher the engine rpm the higher the air speed, so less droplets of fuel are wasted, which creates a richer mixture (Walker, 2008). [bookmark: _Toc507078637]Figure 11 Cold starting, Enrichment, Temperature and Ignition Data


To avoid soot and unburned hydrocarbons condensation occurs when either the air/walls are cold. The % extra over the injection opening times in the main base map – warm up correction map. For the ignition, you add the number in the table to the base map, there is a lot of fuel drop out with low air speed. 
Cold Start: The engine requires extra fuel when starting due to condensation, if the car doesn’t start right away it can flood the spark plugs, the starting map is to ensure that the enrichment is only for a few cycles and ten back to the base map. At starting the air flow is minimal, with fuel injection the system controls the air by bypassing the closed throttle. 
Warm start: A warm engine helps promote fuel vaporization, the engine can benefit from a small proportion of enrichment. The fuel injection system will be able to detect from sensors whether this is needed. 
Hot Start: At higher temperatures, it is dangerous, ensuring a thermostat reading is correct the and working over 75° it will have calculated to use the region on the far right. 

The ignition values will be added to the ignition base map for the designated temperatures to ensure that the chamber is not near detonation.   




[bookmark: _Toc507079693]3.0 Reducing NOx and Hydrocarbons for the NEDC cycle 

High hydrocarbons are normally caused by an engine misfire caused by worn spark plugs, loose spark plug wires, incorrect ignition timing and/or lean air-fuel mixture. During a misfire, the unburned hydrocarbons will be pushed out the cylinder by the piston on the exhaust stroke. High hydrocarbons is normally caused by an excessively rich air/fuel mixture. A fouled spark plug doesn’t ignite the mixture, if the temperature is too low, the cylinder walls are not hot enough, so the fuel is easily vaporized and condensed. The flame is quenched out when it reaches the sides and the cooler parts on the chamber. This is called the quench area (Halderman, 2006). [bookmark: _Toc507078638]Figure 12 Quench Area in Chamber













If the ignition is too advanced, there is too much negative work and the fuel and air rich patches will burn outside and have unburned molecules inside the patch as it doesn’t ignite (Halderman, 2006). 
NOx occurs mostly under high load, due to the combustion pressure increasing and the temperature. Accelerating a vehicle onto a motorway is an example of high NOx due to the high load transmitted. At steady throttle and light loads, ignition timing is advanced, this can result to high NOx. As the engine temperature is higher, the peak temperature inside combustion results to more dissociation of the molecules. Adding EGR lowers the temperatures and dilutes the intake air into the cylinder (Halderman, 2006). 




[bookmark: _Toc507079694]4.0 Analysis of 1.2Litre GDI Turbo

Attachment Figure 1: Ignition Timing 
Attachment Figure 2: Exhaust Lambda
Attachment Figure 3: PMax Average 
Attachment Figure 4: Angle of PMax
In this section graphs have been used from a 1.2Litre GDI Turbo to analyse the effects of all the mentioned variables above. 
[bookmark: _Toc507079695]4.1 Hardware Limit and Knock Limit
The hardware limit is put in place to prevent any damage happening to the engine, for this engine, the limit is 140BAR, (Hancock, 2008) in relation to limiting the knock in the engine. 
Looking at Attachment Figure 1 and 3, the pressure is in relation to the ignition. PMax is occurring at 3500RPM and at 3000BMEP, 3 BAR. BMEP, is another way of presenting load of an engine. As the hardware limit is 140BAR, the ignition has been retarded heavily to 3.3°BTDC at full load from 17.6° at part load at 4000RPM. The pressure increases from 81.7BAR to 118.8BAR. Ignition retarding is being used as a means of knock limit, to prevent any high temperatures occurring and detonation. When the ignition is being retarded on the map, the pressure can be too high which can cause excessive compression resulting to autoignition. At high load the turbo can not run MBT timing hence dramatic retarding. 
[bookmark: _Toc507079696]4.2 Burn/Flame Duration 
The burn duration was taken by adding the ignition timing angle to the PMax Angle on the graphs. The angle was then converted into seconds. At lower RPM’s the flame speed has slowed down, (Audi example) Figure 13, resulting to ignition advance as seen in Attachment Figure 1. The flame speed increases at higher RPM therefore the burn duration decreases. the flame front consists of two regions, preheat zone and a reaction zone. Optimum spark advance and extreme cyclic variations limit engine operation. Fastest burning cycles with an over advanced spark timing have high tendency to knock, slowest burning cycles with retarded spark timing are likely to burn incompletely. Ensuring a perfect burn, will generate a clean flame to convert chemical energy into mechanical.  [bookmark: _Toc507078639]Figure 13 Burn Duration for 1.2L GDI

[bookmark: _Ref507076156][bookmark: _Toc507078641]Figure 15 Flame Speed for Audi A3




[bookmark: _Toc507078640]Figure 14 Flame Speed Audi A3 3D Map

[bookmark: _Toc507079697]4.3 Fuelling Strategies 
At high RPM and High BMEP, the Lambda graph, Attachment Figure 2, has a rich patch showing a range of 0.92 – 0.98, this is indicating that the engine is running slightly hot. Having a rich mixture is less likely to ignite As it is a turbocharged engine, the lambda values are higher than the Audi, which is naturally aspirated. When the engine is over fuelled and added EGR it makes harder for spontaneous flame to propagate, lean mixture is also less explosive. At low RPM, the unburned zone is waiting longer in time for the flame to approach therefore it is more likely for knock. At 1000RPM the engine is running 0.99 Lambda at the lowest load this is because it is not hot enough to burn the soot of the spark plugs, hence why it is lean. 

[bookmark: _Toc507079698]4.4 BSFC 

[bookmark: _Toc507078652]Equation 5 Calculations used to calculate BSFC








[bookmark: _Toc507078653]Equation 6 Power Kw


[bookmark: _Toc507078642]Figure 16 Values from Above Calculations



[image: ][bookmark: _Toc507078643]Figure 17 BSFC Values








After using the calculations above the BSFC. Brake Specific Fuel Consumption is a measure of the fuel efficiency of fuel that is burned and produces power and torque, from chemical to kinetic motion. At 2000 RPM and with a load of 12.5BMEP the fuel efficiency is at its lowest. This could be due to the lambda running at 1 during this period, Attachment Figure 2, with an efficient ignition timing. 
In real life situations when carrying out these tests, it will be on a dyno with real live data and power/torque curves will be generated. Unfortunately this could not be achieved therefore the values that are in this are from assumptions and static data.  





















[bookmark: _Toc507079699]5.0 Appendix 

[bookmark: _Toc507079700]5.1 Fuel Injectors 
The method used in modern cars for fuelling are fuel injectors, either in a direct injection, port injection, multi and sequential. Fuel injectors are controlled electronically to enable precise fuelling strategies for every cylinder, working in milliseconds. 
When designing fuel injectors for production vehicles, the smaller the nozzle on the injector Figure 2. The duty cycle is the time the injector is open for, this duty cycle varies for each RPM. At high RPM and full throttle the fuel injector will open for longer, and at lower RPM with lower volumetric efficiency, low load, the duty cycle is reduced.  
https://www.dieselnet.com/tech/diesel_fi_pro.php 


[bookmark: _Ref506549874][bookmark: _Toc507078644]Figure 18 Fuel Injector

[bookmark: _Toc507078645]Figure 19 Ignition Timing Brainstorm





[bookmark: _Toc507078646]Figure 20 NEDC Drive Cycle (DieselNet, n.d.)

[bookmark: _Toc507079701]5.2 Engine Efficiency 

[bookmark: _Toc497998007][bookmark: _Toc507078654]EQUATION 7 WORK DONE
	Where: 

	Qin: Heat in 

	Qout = Heat out 





The work done in the cycle is the difference between how much heat goes into a cycle and how much is released out. The cycle efficiency can also be calculated by using the work done. 




[bookmark: _Ref497992544][bookmark: _Toc497998008][bookmark: _Toc507078655]EQUATION 8 CYCLE EFFICIENCY DERIVATION
	Where: 

	CR: Compression Ratio 

	ɣ (Gamma) : 1.2 -1.4. Ratio of Specific Heats  





Gamma is a number that is dependable on the state of a gas. Gamma appears in many fluid equations including the equation relating to pressure, temperature and column during a simple compression and expansion process. The value of gamma just depends on the state of the gas (Hall, 2015). Gamma is related to specific heat. 

[bookmark: _Ref497991102][bookmark: _Toc497998009][bookmark: _Toc507078656]EQUATION 9 GAMMA


	Where: 

	CV: Specific Heat at Constant Volume  

	R : Gas Constant
Cp: Specific Heat at Constant Pressure   


[bookmark: _Toc497998010][bookmark: _Toc507078657]EQUATION 10 CONSTANT PRESSURE
Cp is the heat required to raise the temperature of 1kg of gas to 1Kelvin at a constant pressure





 
[bookmark: _Toc507078647]Figure 21 Burn Duration for Audi A3
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