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Introduction

Engine management systems are becoming ever-more complicated as technology advances are added to production vehicles. New sub-systems require new management strategies that must be harmonized with existing strategies and a hierarchy formed so that priority can be given to the most important strategy for a given circumstance. For an extreme example, VW vehicles using AbBlue will go into ‘limp’ mode when the car runs out to reduce emissions to legal standards.
Question 1 of this assignment involves generating fuel and ignition maps for a high performance naturally aspirated (NA) vehicle must pass the current New European Driving Cycle (NEDC). Question 2 requires a dataset from a 1.0 litre GDI turbo engine to be analysed. The Dynojet Power Vision and Emerald K3 remapping software packages will be used alongside other data to provide guidance and intuition for both these tasks, allowing access to historical and modern strategies in different formats.



Question 1
Question 1a
Work done by Mellors (2017) highlights the load/RPM sites used in the current NEDC for a 2.0 litre VW Passat (Table 1) highlighted in yellow, where black represents unused sites. This was used as a template to produce Lambda maps that would be representative of a manufacturer NA map that would satisfy the question criteria. 

Table 1 – NEDC Load/RPM Sites
	 Torque/RPM
	800
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000
	5500
	6000
	6500

	FL
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Table 2 – Manufacturer Type Map for NA Engine
	 
	800
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000
	5500
	6000
	6500

	FL
	 
	1.08
	1.08
	0.84
	0.84
	0.84
	0.84
	0.84
	0.84
	0.80
	0.80
	0.80
	0.80

	300
	 
	 
	 
	 
	 
	0.92
	0.92
	0.92
	0.92
	0.92
	 
	 
	 

	270
	 
	 
	 
	 
	 
	0.94
	0.94
	0.94
	0.94
	0.94
	 
	 
	 

	240
	 
	 
	 
	 
	 
	0.97
	0.97
	0.97
	0.97
	0.97
	 
	 
	 

	210
	 
	 
	 
	 
	1.01
	1.00
	1.00
	1.00
	1.00
	1.00
	 
	 
	 

	180
	 
	 
	 
	 
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	0.93
	 
	 

	150
	 
	 
	 
	 
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	0.95
	 
	 

	140
	 
	 
	 
	1.01
	1.01
	1.00
	1.01
	1.01
	1.01
	1.01
	0.97
	 
	 

	130
	 
	 
	 
	1.01
	1.06
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	 
	 

	120
	 
	 
	1.00
	1.01
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	 

	110
	 
	 
	1.00
	1.06
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	 

	100
	 
	 
	1.00
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	 

	90
	 
	1.00
	1.00
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	80
	 
	1.00
	1.00
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	70
	1.00
	1.00
	1.00
	1.00
	1.00
	1.06
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	60
	1.00
	1.00
	1.00
	1.00
	1.00
	1.06
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	50
	1.00
	1.00
	1.00
	1.00
	1.06
	1.06
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	40
	1.00
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	30
	1.01
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	20
	1.01
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	10
	1.01
	1.00
	1.00
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	5
	1.01
	1.01
	1.00
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01

	2
	0.99
	0.99
	0.99
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01
	1.01





[image: ]
Figure 1 - Lambda Values and Their Uses (Hartman, 2004, P22)

· Highlighted cells run stoichiometric for the NEDC to balance emissions and fuel consumption. Since the NEDC cells equate to typical cruising speeds, the temptation is to run lean to improve fuel consumption – this is obviously not possible due to the increase in NOx and dependence of the 3-way catalysts operating at peak efficiency temperatures. Instead Hartman’s ‘lean cruise’ values are used around the NEDC cells in values that may be used often. 
· Much of the map runs slightly lean with scope to run leaner but these cells are not in constant use by the average modern driver.
· Low load, low RPM cells are enrichened slightly to compensate for fuel drop out at low intake velocities.
· High load, low RPM sites are leaned off to prevent soot formation during idle speeds via incomplete combustion. Increasing combustion temperature and duration burns off deposits and excess air prevents them forming.
· Full load sites are gradually enrichened for performance, encouraging complete combustion in line with the principles outlined in Appendix A. Extra fuel is added for cooling purposes at high load, high RPM where a NA engine may be knock limited. Knock is not as prevalent on NA engines due to lower compression ratios, combustion pressures and temperatures so use of over-fuelling is not as extensive.
For cold engines, Hartman notes that enrichment is required because only the lightest fractions of fuel will vaporise. Running rich at cranking allows more of these light fractions the chance of ignition. Hartman also quotes values as rich as 1.5 to 1 for cold cranking, which seems to be in line with stock Harley Davidson maps.
[image: ]
Figure 2 - Harley Davidson Cranking Map

A cranking map was constructed using the Harley Davidson and Emerald Maps (Walker, 2001) as a basis.
Table 3 – Startup Enrichment
	Temperature
	Startup Enrichment

	degree c
	%

	-10
	100.00

	0
	90

	10
	70

	20
	50

	30
	30

	40
	20

	50
	15

	60
	10

	70
	10

	80
	10

	90
	-1

	100
	-1

	110
	-1

	120
	-1



Question 1b

Examination of data from a Ford Sigma 1.6 NA shows that MBT timing occurs when the SOC is identified at 15 degrees BTDC. This value was used as a baseline for MBT to populate an ignition map. Ignition followed the trends of advancing to higher loads and retarding to higher RPM, laid out  by a Harley Davidson map. 
· Retarding at higher RPM allows time for initial combustion propagation, which is constant across all RPM as discussed in Appendix A.  
· Ignition is early at low loads because combustion will be slower, due to low intake and piston velocities (less turbulence) and generally low air & fuel masses.
· Idle values are retarded so that the throttle can be opened to allow stable combustion. Low piston and intake velocities make combustion unstable and open throttle helps fuel drop out.
· High load, low RPM values are well-retarded to prevent knock because of the increased temperatures and pressures combining with relatively long time for unburned mix awaiting combustion.
· High load, high RPM values are assumed not to be knock limited due to over-fuelling but could also be retarded past MBT timing to prevent knock.


Table 3 – Ignition Map
	 
	800
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000
	5500
	6000
	6500

	FL
	 
	-4.00
	-4.00
	-4.00
	1.00
	7.00
	15.00
	16.00
	20.00
	24.00
	28.00
	30.00
	30.00

	300
	 
	 
	 
	 
	 
	14.00
	17.00
	16.00
	21.00
	25.00
	 
	 
	 

	270
	 
	 
	 
	 
	 
	15.00
	19.00
	17.00
	21.00
	26.00
	 
	 
	 

	240
	 
	 
	 
	 
	 
	15.00
	20.00
	17.00
	21.00
	27.00
	 
	 
	 

	210
	 
	 
	 
	 
	11.00
	15.00
	21.00
	18.00
	22.00
	28.00
	 
	 
	 

	180
	 
	 
	 
	 
	12.00
	15.00
	21.00
	18.00
	22.00
	28.00
	27.00
	 
	 

	150
	 
	 
	 
	 
	13.00
	15.00
	22.00
	19.00
	23.00
	29.00
	28.00
	 
	 

	140
	 
	 
	 
	15.00
	14.00
	15.00
	22.00
	19.00
	23.00
	30.00
	29.00
	 
	 

	130
	 
	 
	 
	15.00
	15.00
	15.00
	22.00
	19.00
	24.00
	31.00
	30.00
	 
	 

	120
	 
	 
	15.00
	15.00
	15.00
	15.00
	23.00
	20.00
	24.00
	32.00
	31.00
	32.00
	 

	110
	 
	 
	15.00
	15.00
	15.00
	15.00
	23.00
	20.00
	25.00
	33.00
	31.00
	33.00
	 

	100
	 
	 
	15.00
	15.00
	15.00
	15.00
	23.00
	21.00
	25.00
	33.00
	32.00
	34.00
	 

	90
	 
	15.00
	15.00
	15.00
	15.00
	15.00
	23.00
	21.00
	26.00
	34.00
	32.00
	35.00
	36.00

	80
	 
	15.00
	15.00
	15.00
	15.00
	15.00
	24.00
	21.00
	26.00
	35.00
	33.00
	36.00
	37.00

	70
	15.00
	15.00
	15.00
	15.00
	15.00
	16.00
	24.00
	22.00
	26.00
	35.00
	33.00
	37.00
	38.00

	60
	15.00
	15.00
	15.00
	15.00
	15.00
	16.00
	24.00
	22.00
	27.00
	36.00
	34.00
	38.00
	39.00

	50
	15.00
	15.00
	15.00
	15.00
	15.00
	17.00
	24.00
	23.00
	27.00
	36.00
	35.00
	39.00
	40.00

	40
	15.00
	15.00
	15.00
	15.00
	15.00
	18.00
	24.00
	23.00
	27.00
	37.00
	36.00
	40.00
	41.00

	30
	10.00
	15.00
	15.00
	15.00
	15.00
	19.00
	25.00
	23.00
	28.00
	37.00
	37.00
	41.00
	42.00

	20
	10.00
	15.00
	15.00
	15.00
	15.00
	19.00
	25.00
	24.00
	28.00
	37.00
	38.00
	42.00
	43.00

	10
	10.00
	15.00
	15.00
	15.00
	15.00
	19.00
	25.00
	24.00
	29.00
	38.00
	39.00
	42.00
	44.00

	5
	5.00
	5.00
	15.00
	10.00
	15.00
	20.00
	25.00
	25.00
	29.00
	38.00
	40.00
	43.00
	45.00

	2
	5.00
	5.00
	10.00
	10.00
	15.00
	20.00
	25.00
	25.00
	30.00
	38.00
	41.00
	43.00
	46.00






Question 1c

Retarding ignition will move peak pressure away from MBT timing, reducing cylinder temperatures in the process. Decreased temperatures lead to less dissociation of N2, reducing NOx concentration by depriving the reaction of its reactant (Heywood, 1988).
Retarding ignition also moves combustion closer to EVO. With less time for heat to dissipate and transfer, exhaust temperatures will increase allowing excess hydrocarbons to be burned up in the exhaust. This can cause exhaust backfire but is seen as secondary to preventing emissions and reducing particulate matter.
With the adoption of direction injection for gasoline engines, incomplete combustion of hydrocarbons, leading to soot, now becomes a problem. The challenge is for spray to be fine enough and temperatures to be hot enough for atomisation and vaporisation to occur, leading to complete combustion of the fuel. This is not always possible, most notably during cold start.
Polycyclic Aromatic Hydrocarbons (PAH) are strong, ring-like hydrocarbon molecules formed by the breakdown of fuel hydrocarbons that remain unoxidized. Warnatz (2006) draws attention to PAH being a precursor to soot and that they can be carcinogenic. Inside the engine soot deposits insulate the cylinder and contribute to knock. Outside of the engine, particulate emissions are harmful to people and the environment.
Question 2
Question 2a

Heywood (1988) asserts that under MBT timing, an engine’s maximum cylinder pressure occurs at around 16 degrees ATDC (McDonald quotes between 14-16 ATDC).
Using the ‘Angle of PMAX’ chart MBT timing occurs in much the same range in which the NEDC occurs – in fact the ignition timing changes up to six degrees within that region to maintain MBT timing. Everything outside of these ranges is assumed to be knock limited. 
Hartman (2004) quotes a lambda between 0.82-0.85 (or possibly richer) is fuel is used for cooling effect on a forced induction engine. That these values are not even approached (lambda bottoms out at 0.93 on the entire map) shows that the engine must be managing knock largely with ignition timing. Given the development engine’s focus on BSFC, this is not an unreasonable conclusion.
The ignition chart shows significant retard past TDC at low RPM high load values to counteract the much leaner lambda values at the same sites, designed to prevent plugs from sooting up (McDonald, 2018). These lambda values, ranging between 1.09-1.2, cause slower flame propagation throughout the less-than-optimum mixture. The unburned mixture undergoes the afore-mentioned heating and compression for longer periods, leading to increased risk of knock. Retarding the ignition past TDC allows combustion to occur in an expanding volume that counteracts these effects, at the expense of performance.
Further up the RPM (3500+) some over-fuelling can be observed at high loads, which will have limited cooling effect on the mixture as it evaporates, drawing energy out of the hot air to do so (Bock et al, 2013). Similar values can be observed during medium-high loads at high RPM. That said, the values are not optimum for cooling and are used alongside ignition retard to ensure combustion occurs in a larger volume. It is more likely that slightly rich mixture is used for performance reasons previously discussed.
Ignition timing is closer to MBT timing at high RPM low lows and all RPM low loads where combustion temperatures are not as high, so knock occurrence is unlikely.
Question 2b


Using the data’s ignition timing and angle of maximum pressure, it is possible to get a duration in degrees that the engine takes to reach PMAX. Using:

 
It is possible to calculate a time in seconds. The results are then graphed:

Figure 4 - Time Taken for PMAX
As expected, flame speed for higher RPM is faster due to the piston speed’s relationship with turbulence. Duration is expected to be a little longer at high RPM due to the initial flame formation previously discussed.
It can also be extrapolated that from BMEP 200-1500 at lower RPM, flame speed initially increases with what would be an increase in air & fuel mass. From this point, it may be surmised that the project’s cooled EGR is introduced to combat detonation and run stoichiometric at high loads (to avoid over-fuelling as per Hancock et al, 2008) and slows down flame speed.
Though void of additional data to serve as evidence, this is a reasonable conclusion given the that the literature suggests load should have a positive effect on flame speed.
The trend is present at high RPM though not as obvious due to the dominant turbulence present at those speeds, feeding the flame as previously discussed. 


Question 2c

It is no surprise that an engine with an ambitious BSFC target is reluctant to use over-fuelling for cooling purposes. Ground up design decisions have been made to avoid this very mechanism with Hancock et al (2008) describing a water cooled EGR system and exhaust manifold.
That said, the data shows lambda values of 0.92-0.98 in full-load and near-full-load sites at higher RPM on the lambda chart, where combustion is typically knock-limited due to high temperatures and pressures. Although these full-load values fall short of the targeted stoichiometric operation at full-load, the engine compares favourably to Ford Fox 1.0 Litre GDI data at high RPM, mid loads – where it does run stoichiometric opposite the Fox’s significant over-fuelling.
This indicates the (up to 15%) cooled EGR is having a positive effect on high end engine temperatures, since no over-fuelling is necessary at those points.
Under-fuelling is also used at high load, low RPM to maintain a relatively high temperature that prevents soot formation (Appendix A).


Question 2d

To get BSFC, power must first be calculated, although Heywood (1988) calls it an estimation:

Next fuel mass can be worked out by using the air mass and lambda values given in the data:


 BSFC can now be calculated by dividing the fuel mass by the power made at that RPM/load site:

These calculations were done at all RPM/load sites that held consistent data:

Table 4 – BSFC Results
	BSFC (g/kW hour)

	 
	RPM

	BMEP
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000
	5500
	6000

	3000
	 
	 
	299
	288
	282
	278
	 
	 
	 
	 
	 

	2500
	 
	262
	286
	266
	266
	264
	273
	 
	 
	 
	 

	2200
	 
	 
	270
	 
	263
	 
	252
	259
	291
	 
	301

	1800
	 
	244
	257
	247
	254
	249
	248
	257
	271
	268
	282

	1400
	 
	245
	271
	266
	257
	249
	250
	255
	257
	264
	271

	1200
	 
	 
	255
	256
	255
	 
	 
	 
	 
	 
	 

	1000
	278
	254
	253
	253
	254
	259
	261
	 
	269
	 
	282

	800
	 
	257
	256
	259
	261
	 
	 
	 
	 
	 
	 

	600
	264
	268
	269
	273
	279
	282
	289
	292
	301
	314
	321

	400
	282
	287
	297
	303
	312
	 
	 
	 
	 
	 
	 

	200
	330
	347
	369
	393
	420
	423
	444
	 
	474
	 
	518



 
Sites around the NEDC trend lower, especially in the ‘cruise’ range of the map from 2000 RPM to 2500 RPM. This illustrates a deliberate intent to lower fuel consumption at the most usable range without losing out to emissions by leaning out the combustion. Once again, the reasons for the outcome are perhaps not as obvious without considering the project as a whole.
[image: ]
Figure 5 - Effect of EGR on BSFC at various Burn Durations (Heywood, 1988, P838)
Heywood (1988) talks positively about the effect of conventional EGR on BSFC and notes that its largest use is at lambda = 1 to decrease temperature, due to the use of three-way catalysts to reduce NOx. He goes on to attribute the positive effect of EGR to three points:
1. Reduced pumping work due to increased intake pressure.
2. Less heat loss to surroundings because temperature differential is reduced by cooling effect of EGR.
3. Reduced dissociation due to the cooling effect of EGR. This allows greater positive conversion of fuel.

Finally, engine efficiency can be calculated from BSFC by first converting 1kW for 1 hour to Joules:


An equation for efficiency is supplied by McDonald (2018):

Values for efficiency are then calculated for every RPM/load site:
Table 5 – Engine Efficiency
	Thermal Efficiency (%)

	 
	RPM

	BMEP
	1000
	1500
	2000
	2500
	3000
	3500
	4000
	4500
	5000
	5500
	6000

	3000
	 
	 
	27
	28
	29
	29
	 
	 
	 
	 
	 

	2500
	 
	31
	29
	31
	31
	31
	30
	 
	 
	 
	 

	2200
	 
	 
	30
	 
	31
	 
	32
	32
	28
	 
	27

	1800
	 
	34
	32
	33
	32
	33
	33
	32
	30
	31
	29

	1400
	 
	33
	30
	31
	32
	33
	33
	32
	32
	31
	30

	1200
	 
	 
	32
	32
	32
	 
	 
	 
	 
	 
	 

	1000
	29
	32
	32
	32
	32
	32
	31
	 
	30
	 
	29

	800
	 
	32
	32
	32
	31
	 
	 
	 
	 
	 
	 

	600
	31
	30
	30
	30
	29
	29
	28
	28
	27
	26
	25

	400
	29
	29
	28
	27
	26
	 
	 
	 
	 
	 
	 

	200
	25
	24
	22
	21
	20
	19
	18
	 
	17
	 
	16






The thermal efficiency values allow clarification for exactly where the engine is mapped for optimisation. Highs of 33 and 34 percent are attractive but are not widespread and do not occur in the ideal cruising rev range. As expected, efficiency suffers under very low loads where combustion conditions are less than ideal (small air/fuel masses) and longer durations (seen in previous calculations) allow for greater heat loss.
High loads do not suffer as badly, except in the instances of under or over fuelling where the importance of efficiency has given way to other concerns, previously discussed. 
Evaluation

Engine management is a large interweaving web of finely detailed calculations, all working together to keep a vehicle in a pre-determined equilibrium. The undertaking of such a task is large, daunting and cannot be underestimated.  
Within the core of an engine management system, however, logic prevails. Patterns can be observed, analysed and ultimately made sense of in ways that both confirm and challenge the subject’s understanding. The most difficult part of analysing such data is envisioning the look-up tables or strategies that are not readily to hand – extrapolating their existence, methods and patterns from what is at hand and making connections in agreement with known theories.

Appendix A - Theory

Knock Theory

To implement strategies to keep an engine within a required knock limit it is prudent to understand the mechanisms which cause the phenomena. Some debate exists over the exact knock mechanism (autoignition versus detonation theory, Heywood, 1988) but its contributing factors are accepted and outlined by Borman & Ragland (1998):
· Increasing compression ratio
· Advancing ignition
· Wide open throttle
· Slightly rich mixtures
· Increased inlet air temperature
· Deposit build up
· High coolant temperature
Low RPM can be added to the list because of the increased time (seconds) that the unburned zone ‘waits’ before conventional ignition. This allows more time for end-gas temperature to rise from the proceeding flame front while, as Borman and Ragland assert, also being compressed by the expanding burned zone. Borman & Ragland’s factors can be surmised as operations that increase temperature or pressure (or both) that increases internal energy of the end-gas to a point that allows particularly explosive (stoichiometric or hot spots) mixture elements to ignite independent of spark or flame, causing a chain reaction. 
This chain reaction causes pressure waves that can lead to the formation of detonation waves (characterized as super sonic waves with velocity > 2000 m/s) that causes near-simultaneous ignition of the unburned zone (Warnatz et al, 2006). Hartman (2004) draws attention to the danger of knock-induced cylinder temperatures causing a re-occurring pre-ignition condition that leads to permanent engine damage.
Cases of severe runaway knock become self-perpetuating from cycle to cycle, increasing local cylinder temperatures and pressures that can lead to components failing under thermal stresses (Heywood, 1988). Since management systems that use knock control work on a reactive basis rather than preventative (Hartman, 2004), damaging forms of knock must be tuned out of the engine during the calibration phase.
Knowing the causes of knock, then, it is possible to surmise the strategies in place to combat its presence.

Flame Speed Theory

Laminar flame speed is given by Merker et al (2006):

Where ,  and  are given fuel specific properties. denotes a maximum speed based on a lambda value () which is best for laminar speed. When lambda = , maximum laminar flame speed is present. For gasoline, Merker et al give  = 0.83. It is possible to chart laminar flame speed based on lambda:

Figure 3 - Laminar Flame Speed vs Lambda
It can be observed that a linear relationship exists for lean values that is directly proportional to the decreasing oxygen available for combustion. The rich values are slightly more complex, seeming counter intuitive at a glance since stoichiometric values are known to be more reactive. Since true homogenous mixtures are rare, increasing the amount of fuel increases the chance that ‘sectors’ within the mixture will burn stoichiometric by decreasing any lean patches that would slow flame speed down. Of course, this can leave fuel unburned.
Laminar flame speed is only part of the story with gasoline engines because cylinder mixtures are highly – and increasingly -  turbulent, due to the piston speed’s effect on cylinder charge with increasing RPM. Merker et al (2006) notes that turbulence induced by the piston causes the otherwise smooth laminar flame to become wrinkled. As the piston motion effectively ‘feeds’ this wrinkled front at high speeds (piston speeds over 15 m/s according to Bosch (2002)), the turbulence is seen to increase flame speed according with RPM.
Borman & Ragland (1998) are quick to point out that although turbulence is proportional to flame speed, initial flame growth tends to be constant across the RPM range and can slow the combustion rate down. This why spark advance is still necessary at high RPM to keep MBT timing. Heywood (1988) goes a step further, iterating that increased current in the initial spark can increase the size of the initial flame enough for small spark retard towards MBT.
Fuelling Theory

Over-fuelling cools a charge down by two means:
1. Increasing charge mass, where:  thus reducing temperature
2. Vaporisation
Simple calculation shows that 10% added fuel mass at stoichiometric increases total mass by around 0.7% with air being the dominant mass of the charge. Vaporisation, then, is the dominant form of cooling.
A substance’s heat of vaporisation describes how much energy is required for that substance to vaporise and – in the case of gasoline – how much energy (heat) it can take out of the charge to do so, reducing its temperature.
Bock (2013) makes the point that GDI engines benefit more from the vaporisation effect of fuel due to:
1. Greater atomisation of the fuel because of increased injection pressure
2. Reduction of vaporisation caused by surface conduction (Ie: when the exhaust valve is sprayed during PFI), allowing the charge to provide more of the mechanism.





until a saturation point of homogeneity is reached by the piston speed’s effect on turbulence. 
More burned mass also results in a larger percentage of trapped burned gases after EVC. This would certainly slow down flame speed and may be the cause of reduced flame speeds as load increases, but the linear nature is suspicious.
It seems that a further increase of air & fuel mass has a negative effect on flame speed.
Further increase of air & fuel has a negative effect on the homogeneity of the mixture as more turbulence is required, reducing flame speed. This effect is compounded at 2000 RPM by the leaner lambda values above 1400 BMEP, which further reduces flame speed. At higher RPM, the flame speed is not as limited by the lack of turbulence due to the increased piston speed.
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about 15 degrees afier top center in order to deliver best torque.
It is necessary to fire the plug while the piston is moving up
because it takes time for the fuel-air mixture to burn, and the
flame thar starts when the plug fires inicially exists as a tiny
kernel that is expanding relatively slowly.

Combustion is a chain reaction of sorts. Once a few percent
of the compressed mixture is burning, the rest of combustion
proceeds quickly. Depending on various consideraions, spark
advance can be anywhere from 5 to more than 50 degrees of
crankshaft rotation before top dead center. Normally, engine
designers strive to correlate spark advance so that, for all
combinations of speed and loading, the engine produces mean
best torque (MBT). If the engine begins to knock before MBT is
achieved, the engine is considered knock limited.

In the third cycle—power—the piston is pushed down by
pressure produced in the cylinder by combustion, typically over
600 psi.

In the final stroke—exhaust—the exhaust valve opens near
bottom dead center, and as the piston rises, exhaust gases are
pushed out past the exhaust valve. As mentioned carlier, on high-
speed engines, there is usually a certain amount of valve overlap,
in which the exhaust valve stays open after top center and the
intake opens before top center to make use of inertial forces
acting on the moving gases. This produces greater volumetric
efficiencies at high rpm. At low rpm, particularly with high-
manifold vacuum (low pressure), there is some reverse flow
comprised of mainly exhaust gases flowing back from the higher-
pressure exhaust into the low-pressure intake.

At lower rpm, a cam with more duration and overlap results
in higher manifold pressures (less vacuum) but lower airflow
through the engine.

In fact, cam specifications have a large effect on spark
advance and air/fuel mixture requirements. Other factors
affecting mixture and timing include compression ratio, fuel
octane rating, and, of course, engine operating conditions
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without over-advancing timing at mid- and high-rpm ranges.
The chemically perfect idle air/ful mixcure by weight in
which all air and fuel are consumed occurs with 14.64 parts air
and 1 pare gasoline. Chemists refer to such a perfect ratio of
reactants as stoichiometric. Mixtures with a greater percentage
of air ate called lean mixtures and occur as higher numbers
(14.64 and up with gasoline). Richer mixtures, in which there
is an excess of fuel, arc represented by smaller numbers. The rich
burn limit for a gasoline engine at normal operating temperature
is 6.0, the lean burn limit for an EFI engine is above 22.
The following table, courtesy of Edelbrock, indicates
characteristics of various mixtures. In practice, stoichiometric
mixtures are rarely optimal for fucling an engine. Another
way of measuring the air/fuel ratio is to consider the ratio of

the actual air/fuel ratio to the stoichiometric ratio, also known
as In the case of gasoline, if the actual ait/fuel ratio is
14.64, lambda = 1.0.
Air/fuel | Lambda | Comment
ratio
6.0 0.41 Rich burn limit (fully warm engine)
9.0 061 Black smoke/low power
15 0.79 Approximate rich best torque at wide-
open throttle
122|083 Safe best power at wide-open throttle
133 0.91 “Approximate lean best torque
14.64 1.00 Stoichiometric air/fuel ratio (chemically
ideal)
15.5 1.06 Lean cruise
165 13 Usual best cconomy
18.0 1.23 Carbureted lean burn limit
22+ 1.50+ EEC/EFI Lean Burn Limit

Note: These figures do not indicate anything about the effect of
various mixtures on exhaust emissions.





