
Powertrain & Sustainability
Combustion Emissions, Calculations and Mapping for Efficiency
Malcolm McDonald

Jack Cresswell	P143629	



Contents
Introduction	1
Calibration	1
Lambda Target Map	1
Ignition Timing Map	3
Cranking Strategy	4
Reducing NOx and HC in the NEDC Cycle	4
Analysis of 1.2 litre GDI Turbocharged Engine	5
Keeping Engine within Required Hardware and Knock Limit	5
Burn Duration	5
Controlling Engine Temperatures	6
Brake Specific Fuel Consumption	6
References	9
Appendix	10
BSFC Calculation	10
Efficiency Calculation	10
Excel Spreadsheets	11

[bookmark: _GoBack]
 

i

[bookmark: _Toc507076045]Introduction

The aim of this assignment is to produce calibration maps for a high performance naturally aspirated engine that will be able to pass the emissions cycle that will still be able to reach maximum RPM when required. Analysis of a modern downsized engine will also be carried out by looking at the calibration maps to see how the engine is kept within its hardware and knock limit, how the burn duration is effected by RPM and load, what fuelling strategy is used to control engine temperatures and evaluation of the best Brake Specific Fuel Consumption and where this occurs at.
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A lambda target map was created for a high performance naturally aspirated engine. The map is designed so that the vehicle will be able to pass an emissions test but also achieve high power outside of the emissions test. The drive cycle operating parameters are highlighted in green. A lambda sensor in the exhaust will measure the O2 and feed back to the ECU to allow it to make changes to fuelling to achieve the correct Air Fuel Ratio.
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Figure 1 Lambda Target Map





During the low load and low RPM drive cycle conditions Lambda = 1.  This is because at this air fuel ratio the catalyst is most efficient for reducing hydrocarbons Nitrous Oxides and Carbon Monoxide. The catalytic converter works best when at a stoichiometric air fuel ratio because there is a state of equilibrium between the oxidisation and reduction reactions. This means that there is full oxidisation of the CO and HC from converting NOx to N2 and O2 which will produce CO2 and H2O, less harmful emissions (Bosch, 2014).
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Figure 2 Catalytic Converter Efficiency with Fuel Equivalence Ratio

Although the catalyst needs to be heated to work well it can suffer from excessive heat if the exhaust gas temperature is too high. At high loads and high RPM the strategy is to over fuel to cool the exhaust gas and not overheat the catalyst. This also helps to cool the engine.
Outside of the drive cycle the engine is mapped to achieve maximum power. Maximum power is linked to the flame speed. Due to the mixture not being completely homogeneous there will be rich parts and lean parts, with the mixture slightly rich there will be more rich parts allowing for the flame to travel faster. For gasoline the maximum laminar flame speed occurs when Lambda = 0.83 (Merker, 2006). The map gradually build up to peak power to improve drivability. At higher RPM at the zero load site the map is set to very lean, this is so the fuel will not combust in the cylinder but combust in the hot exhaust where the air full ratio may be closer to stoichiometric. This will give a desired over run sound when the throttle is lifted off. At very low RPM and zero load the mixture is slightly rich to compensate for fuel drop out when the air speed is low.
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Figure 3 Ignition Timing Map
During the drive cycle operation range the ignition timing is set to achieve MBT timing. This is the most efficient timing because it is the best balance of positive and negative work carried out by the engine. At high load and low RPM the ignition is retarded to prevent knock. As the load increases the temperature of the unburned gas increases from compression and waiting a long time for the flame and eventually will self-ignite. This causes a large pressure rise in the cylinder and can lead to damage of components. This is not so important ah high RPM due to the unburned zone will not wait as long for the flame the front therefor the likelihood of knock is reduced. It is assumed the engine will be Knock Limited as it is a high performance engine and the compression ratio will be high.

At idle RPM the ignition is retarded from MBT timing. This is because to allow for stable combustion the throttle needs to be held open slightly but if the timing is MBT timing the engine will over rev and not stay at a low idle speed. Therefore the retarded timing allows for a stable combustion and a stable idle speed.

The typical burn duration angle for most engines is around 25 crankshaft degrees (Pulkrabek, 1997). If peak pressure is wanted to be around 15 degrees after TDC for Maximum Brake Torque timing (Heywood, 1988) then ignition should start around 20 degrees before TDC allowing time for ignition delay. Too early ignition timing and the pressure will build too much before TDC and result in too much negative work and too late ignition timing will mean the gas will burn in a larger volume and the pressure will not be so high. Combustion occurs faster at high RPM and therefore the real time of combustion decreases, but also does the time for the engine cycle. This means that the burn angle in crankshaft degrees only increases slightly. This is corrected by advancing the ignition timing to ensure MBT timing (Pulkrabek, 1997). Figure 4  shows the crank angle degrees taken for combustion against RPM and it can be seen that the time taken in crank angle degrees increases slightly with RPM. 
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When starting the engine the RPM is low, 200 RPM. This means that the air speed is also very low. As the air speed is very low this causes fuel drop out, therefor during cranking the engine needs to be over fuelled to compensate for this. Assuming cranking is when the engine is cold this means the slower the air fuel mixture will burn, therefore the ignition must be advanced to maintain MBT timing (Walker, 2001).
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Figure 5 Starting Map


The figures shown in the starting map show either the % increase or ° advance from the base map. The ignition is slightly retarded at high temperature to reduce knock. 
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If the NOx and HC are found to be too high during the NEDC the ignition can be retarded. By retarding the ignition from MBT timing the combustion will occur in a bigger volume as the piston is further away from TDC this will result in less pressure and less temperature. As the temperature is lower this will reduce the NOx levels. Due to combustion occurring later and valve timing staying the same there will be less of a pressure drop to when the exhaust valve opens which mean the gas will not have cooled as much. The hotter exhaust gas will help oxidise the HC (Heywood, 1988). 

[image: ]Figure 6 HC reduction with Temperature









[bookmark: _Toc507076051]Analysis of 1.2 litre GDI Turbocharged Engine

The 1.2 litre GDI Turbocharged engine is an advanced downsized demonstration engine produced by MAHLE Powertrain to demonstrate the advantages of highly boosted downsized engines for future vehicle powertrains.
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The strategy used to keep the engine within its hardware and knock limit is ignition retardation. This helps reduce the peak pressure by burning in a bigger volume. From the data peak pressure occurs at 4000 RPM at around 28 bar BMEP. Literature says that for MBT timing peak Pressure should occur at around 15 degree after TDC, however at this maximum pressure point peak pressure occurs at 28.1 degrees which shows the ignition has been retarded from MBT timing. This is can also be seen to keep the engine within the knock limit. At lower RPM and low load where the engine is required to be at MBT timing for the drive cycle the angle at peak pressure is around 14 degrees after TDC. When the load is increased the angle is then later at around 20 degrees after TDC. Another strategy used to reduce knock is the running EGR at levels of around 15% at full load (Dave Hancock, 2008) . This reduces the temperature therefore reducing the knock likelihood.
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In order to see how the burn duration changes with load and RPM the time from ignition to maximum pressure was looked at. Although this is not the full combustion process it is the best that can be gained from the given data. 


Table 1 Ignition to Maximum Pressure Time
	Ignition to Maximum Pressure Time S

	BMEP Bar
	1000
	2000
	3000
	4000
	5000
	6000

	18
	 
	0.002175
	0.0016
	0.001225
	0.00104
	0.000972

	10
	0.003867
	0.002342
	0.001739
	0.001375
	0.001113
	0.001014

	2
	0.006067
	0.003292
	0.002294
	0.001571
	0.00122
	0.001122




There is a slight delay from ignition to start of combustion due known as ignition delay. This has not been taken into consideration for these calculations therefore the figures are not completely accurate, however ignition delay stays roughly constant in terms of real time (Pulkrabek, 1997) therefore the trends are still true which is the aim of these calculations.
As the RPM increases the combustion time decreases. This is due to the piston pushing the air fuel mixture into the flame front much faster therefore the flame can travel faster. At higher loads the time is also reduced, this is because there is now more air and fuel in the cylinder and the flame does not have to travel so far between each fuel molecule. At low RPM and low load the duration is the longest because the volumetric efficiency is reduced and there are large gaps between fuel molecules and the piston is moving slowly so the air fuel mixture is not being forced into the flame front as much.
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Due to the smaller capacity the engine has to work hard to produce the required power to accelerate the car. This increases the temperature of the engine. To reduce the temperature the strategy used is to use exhaust gas recirculation at high load at a level of 15% (Dave Hancock, 2008). By looking at the ideal gas law it can be seen that by adding mass in the form of exhaust gas the temperature can be reduced.


Where T is the temperature, V is the volume, m is the mass and R is the gas constant.
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The best Brake Specific fuel consumption occurs at around mid load and mid RPM. This is because at higher RPM the friction increases. At Low RPM there is more time for heat transfer. High load extra fuel is needed to cool down and at Low load pumping losses are greater. At mid load and mid rpm is the best compromise of all these efficiency reducing factors.
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Figure 7 BSFC Map showing the Factors that Effect Efficiency

Table 2 Brake Specific Fuel Consumption
	BSFC

	BMEP Bar
	2000
	2500
	3000
	3500
	4000

	22
	269.5181
	 
	263.657
	 
	252.0872

	18
	256.8579
	247.2834
	254.2202
	248.8932
	248.2993

	14
	271.137
	265.8892
	256.5598
	249.3406
	249.757

	12
	254.5351
	256.2358
	255.48
	 
	 

	10
	252.7211
	252.517
	254.4218
	259.2809
	260.8844

	8
	256.3776
	259.1837
	261.3379
	 
	 

	6
	268.7075
	273.4694
	278.9116
	281.5031
	288.5488











Table 3 Engine Efficiency
	Efficiency %

	BMEP Bar
	2000
	2500
	3000
	3500
	4000

	22
	30.35721
	 
	31.03206
	 
	32.4563

	18
	31.85348
	33.0868
	32.18398
	32.87281
	32.95143

	14
	30.17595
	30.77153
	31.8905
	32.81383
	32.75911

	12
	32.14416
	31.93081
	32.02528
	 
	 

	10
	32.37489
	32.40106
	32.15848
	31.55581
	31.36186

	8
	31.91316
	31.56764
	31.30743
	 
	 

	6
	30.44879
	29.91859
	29.33481
	29.06476
	28.35506




By knowing the rough area where the best BSFC will occur calculations were carried out to see at which exact point BSFC would be best. The data shows that at 18 bar BMEP and 2500 RPM which is roughly mid load and mid rpm, maximum RPM is 6000 and maximum BMEP is 30 bar, the BSFC is the lowest meaning at this point the engine is most efficient. The efficiency table shows that the theory of the efficiency reduction factors is correct as the trend can be seen that the efficiency is reducing in all directions from the mid load mid RPM point. BSFC and Efficiency calculations can be found in appendix.
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The power the engine is producing needs to be calculated.

The work done is the Pressure  the change in Volume. In 2 revolutions the engine takes in its displacements worth of air. The pressure is the BMEP. The time for 2 revolutions on the engine is . Therefore  .

The fuel flow per hour is calculated by  . Now the BSFC can be calculated because you know how much per hour is required to produce a certain power for one hour.
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To produce a Kilowatt for 1 hour you need to produce 1000 Joules per second for 3600 seconds. 
. 
.
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Figure 8 Excel of Maps
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Figure 9 Excel of combustion Time
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Figure 10 Excel of BSFC
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image1.emf
Load Point 800 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000

0 0.98 0.98 0.98 1.00 1.00 1.00 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.99 0.99 0.99 0.91

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.99 0.99 0.99 0.90

3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 0.98 0.98 0.98 0.98 0.89

4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 0.98 0.98 0.91 0.91 0.88

5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 0.98 0.98 0.90 0.90 0.88

6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 0.96 0.96 0.89 0.89 0.87

7 0.93 0.93 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.97 0.93 0.93 0.88 0.88 0.86

8 1.00 1.00 1.00 1.00 1.00 0.96 0.96 0.96 0.96 0.89 0.89 0.88 0.88 0.85

9 0.93 1.00 1.00 1.00 1.00 0.94 0.94 0.94 0.94 0.86 0.86 0.86 0.86 0.83

10 1.00 1.00 1.00 0.94 0.93 0.93 0.93 0.93 0.83 0.83 0.85 0.85 0.83

11 0.92 0.91 0.91 0.91 0.91 0.93 0.87 0.87 0.83 0.83 0.83 0.83 0.83

12 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.83 0.83 0.83 0.83 0.83

13 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83

14 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.81 0.81

15 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81

16 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81

Lambda
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Load Point 800 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000

0 5 5 5 19 20 20 21 21 21 22 22 23 23 24 25 25

1 22 22 21 21 20 20 21 21 21 20 22 23 23 24 25 25

2 22 22 21 21 20 20 21 21 21 20 22 23 23 24 25 25

3 22 22 21 21 20 20 21 21 21 20 22 23 23 24 25 25

4 22 22 21 21 20 20 21 21 21 20 22 23 23 24 25 25

5 22 22 21 21 20 20 21 21 21 20 22 23 23 24 25 25

6 22 22 21 21 20 20 21 21 21 20 22 23 23 24 25 25

7 18 18 21 21 20 20 21 21 21 22 22 23 23 24 25 25

8 21 21 20 20 21 20 21 22 22 23 23 24 25 25

9 18 21 20 20 21 20 21 22 22 23 23 24 25 25

10 21 20 20 20 21 21 22 22 23 23 24 25 25

11 18 15 15 15 15 15 15 15 15 15 15 15 15

12 13 13 13 15 15 15 15 15 15 15 15 15

13 11 11 11 15 15 15 15 15 15 15 15 15

14 9 9 9 10 10 10 10 10 10 10 10 10

15 7 7 7 10 10 10 10 10 10 10 10

16 5 5 5 5 5 5 5 5 5 5

Ignition Timing °BTDC


image4.emf

image5.emf
Coolant Temperature -10 0 102030405060708090100110120°C

Start Up Enrichment 10080705030101010101010 10 10 10 %

Ignition Advance 8 7 5 3 2 1 0 0 0 0 0 -1 -3 -5 °
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