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Figure 1 – Fuel Equivalence Ratio – Vacas, Juan
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The equivalence ratio chosen for chosen for the best fuel consumption is 1.0, though strictly speaking this could be tweaked to be slightly leaner it would deviate from the concurrent condition needed for the catalysts (stoichiometric). Outside of the NEDC it could be advantageous to lean of slightly at low load cruising conditions. 
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As mentioned in chapter 2.1.2, the ideal fuelling strategy to best benefit the emission produced is 14.7 (Stochiometric), where stochiometric is ratio at the point which the combustion process is chemically complete. This fuelling strategy is an important factor in maintaining the service life and correct operation of the catalytic converters, for example – running rich means there is the possibility that the catalyst may be exposed to a certain amount of unburned fuel. With the same effect running lean can also put the catalyst at risk of thermal damage when for example the engine may misfire and let through unburnt fuel. Exposing the catalyst to unburned fuel causes it to overheat and become clogged up. Repeated contact with unburned fuel will compound this effect catalyst becoming clogged up and suffering from thermal degradation.
Whilst the catalyst may still be operable, its ultimate performance and range of operation is likely to become rather more limited. For example, thermal degradation and contaminated surfaces could cause the catalyst to lose its ability to heat up quickly and the ability of the catalyst to heat up is an extremely contentious point – even when the catalyst in ideal condition. 
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Figure 2 – Toyota Motor Company (endtuning.com – 10/03/2018)

Figure 2 is a good illustration of how the ideal AFR for emissions is a compromise between power and fuel economy.
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When aiming for maximum power the rule idea is to run around 10% rich. Whilst the stochiometric AFR is considered to be a chemically complete combustion, it ignores the fact that the mixture may not be perfectly mixed. The mixture is likely to contain free pockets of oxygen, hence making the mixture richer by adding more fuel increases the chance of reactions between the two-respective species.
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There are two dilemmas that are the drivers for the chosen cranking strategy;
1 – Low air speed doesn’t promote good atomization, hence the significant increase in fuel quantity.

2 – When cranking the temperature of the incoming air or the wall temperatures can affect the atomization of the fuel spray, hence the increase in fuelling is to combat this.

In both points 1 and 2 the aim condensation is the main concern.
Although 2 main points are discussed briefly, it isn’t as simple as just increasing the fuel – it is also important to note that whilst the fuelling is noticeably increased, care must be taken to phase this out correctly. Upon cranking the fuel equivalence ratio may be extreme at “2.0”, but this highly elevated level of fuelling must be phased out and not continue for longer than say 20 cycles. Continuing this strategy for too long a duration risks fouling the plugs (excessive soot deposits).
As a contributing factor to this strategy there should also be corresponding correction table which varies the strategy according to temperature.

Dave Walker – Engine Management “Haynes”, show how start up enrichment may vary from 110% at -10’c down to 10% from 80’c upwards (coolant temperature). Furthermore, this may be complemented by the choice of thermostat to control the water temperature around the ports and combustion chamber, helping to reaching an optimum operating temperature sooner.
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Figure 3 – Ignition Map – Vacas, Juan 

Note Importantly in figure 3 a subtle strategy is implemented around idle, in that the ignition timing is retarded beyond MBT, this is an anti-stall device which helps bring the engine back up to speed if it drops below idle. Also important at closed throttle / idle is to have a correctly adjusted throttle stop to allow a suitable amount of air through, thus promoting stable combustion.

Note 2:  a supporting strategy for knock is the retardation of ignition timing below 3000rpm, the reason being that below 3000rpm the flame speed is slightly slower than that of the turbulent air velocity, whereas above 3000rpm the flame speed matches the turbulent velocity with a consistent linear relationship.
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The ignition strategy chosen on cranking (start-up) is retardation, simply put this is because at low rpm and large throttle opening the risk of condensation and low airspeed are both apparent. Due inherently to the fact the if the unburnt zone waits too long it is more likely to cause knock and as such for this reason the trend in retarding the ignition is put in place to combat this.
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Figure 4 – Ignition Timing & MBT - ondyno.com (09/12/18)
Figure 4 shows three different ignition timings and as is easily visible peak pressure for each event not only varies in timing but also has a significant change of magnitude. A slight excess / spike of pressure can be considered knock and may cause damage (case by case or cumulatively). Whereas an extreme excess of pressure at the wrong time may be considered super knock and if this occurs it would be destruction not damage that occurs. Super knock cannot be controlled with traditional knock control strategies and is predominantly present in turbocharged engines, where even if the turbo allows boost cannot be brought in at too low of a RPM (usually not below 2000rpm) – see Figure 5.
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Figure 5 – Knock & Super knock
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A point of contention often raised in relation the NEDC is the potential for an excess of NOx and Hc levels. The sensible approach to take in relation to this matter is to retard the ignition which promotes lower temperatures during combustion meaning less NOx is produced and burns in the exhaust raising the exhaust temperature and thus lowering hydrocarbon emissions.

[bookmark: _Toc508826007]3.2.2 – Particulate Emissions

Whilst lower chamber temperatures and higher exhaust temperatures may aid in the reduction of NOx and Hc, there may be a significant increase in hydrocarbons.
The temperature achieved in the exhaust may increase the exhaust temperature but relatively the temperature of this reaction is lower than if this process had completed earlier in the cycle – this lower temperature is what may cause an increase in particulates. The lower temperature performs a less than ideal burn of the constituents of the species mix resulting in a certain amount of “part” burned mix (particulates).
Whilst exhaust out particulates can be reduced via the use of a particulate filter it is important to note that particulates should be evaluated not just by quantity but also by size. It may be advantageous to have more particulates of a larger size (at least these can be caught by filters) vs less particulates of a significantly smaller size (able to get past filters and as such far likely to have negative effects (health issues).
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The data to be analysed is that of a 1.2 litre 3-cylinder GDI turbocharged development engine produced by MAHLE Powertrain.

[bookmark: _Toc508826010]4.2.1– Control Strategy (Hardware Limit & Knock)

Working with a prescribed hardware limit of 120bar (McDonald, Malcolm – UWTSD 2018), the data can be analysed and reviewed for areas at which the provided information is approaching this limit. The highest average maximum pressure can be noted as 118 bar occurring at 4000rpm (BMEP = 2700 KPa) as such it can be said that the engine is clearly being pushed very close to it’s hardware limit.

· By looking at the ignition timing it can clearly be stated that one tactic being used is the implementation of a graduation towards retarded ignition timing (concurrent with the natural progression towards the extremities of operation (peak pressure)).
· Reviewing the lambda values, another control strategy can be noted and that is the lower lambda values (higher equivalence ratio) that are indicating that the mixture is being enriched and thus temperatures brought down
These effects can be noted not just as acting at the extreme perimeters but graduating out naturally from the NEDC area.
It can be noted that in the NEDC area, things are rather more consistent;
· Pmax (avg) angle is generally around 14 +/- a degree, though ignition timing does vary significantly to cope with different load situations – all with the aim of arriving at the same MBT.
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If MFB 50% is assumed to occur at Pmax (avg) then partial analysis of burn rate and flame speed can occur.
· Burn duration (in degrees) stays consistent indicating a linear increase in flame speed.
Confirmed by;







Where;



And;



The equation  represents the equation of a straight line if SL stays constant.

As rpm increases the flame burns faster because piston speed is faster (promoting higher turbulent air velocity).

[bookmark: _Toc508826012]4.2.3 – Fuelling Strategy

It can be noted quite clearly from the lambda map that there are three prominent fuelling strategies active.

1. AFR = Stochiometric (lambda = 1.0) in the area specific to the NEDC – this is a compromise between 

2. AFR = Lean (up to lambda 1.22), this looks to be happening in low rpm / mid to high load situations. This fuel saving strategy is indicative of the trend of low rpm low fuel consumption. To combat the risk of increased emissions this strategy would also be combined with the addition of EGR / Cooled EGR  to bring down combustion temperature.

3. AFR = Rich (lambda as low as 0.92), this strategy of over fuelling to lower temperatures appears focused around high RPM / high load particularly around the points at which the engine is approaching it’s hardware limit.

The 3 strategies can be described as being primarily pertinent to  NEDC, fuel consumption and hardware protection / temperature control – (1,2 & 3 respectively).
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To calculate BSFC, firstly power must be calculated;



Thus the BSFC can be stated as;





Where the units of BSFC are g/KW*h.

Due to a lack of time it has only been possible to hypothesize at where it is believed the best BSFC occurs and in keeping with the previous discussion regarding trends this appears to be at low rpm high torque. The maximum torque according to MAHLE occurs at 2500-3000rpm – this trend enables low engine speed smooth driving with a downsized engine – where usually the criticism of downsized engines can be their inefficiency when they have to be run at too high of a speed.
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