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[bookmark: _Toc512155949]ABSTRACT

Emission laws are now at Euro 6 standards and vehicles must now become very efficient in terms of harmful exhaust gas outputs. The low rpm capabilities of larger capacity engines, when testing under current government drive cycle conditions, are no longer able to meet emissions laws. But smaller capacity engines perform more efficiently during low rpm drive cycle conditions which will allow petrol combustion engines to continue, otherwise alternative power units would need to be found. Car manufacturers are downsizing engines making smaller capacity units with power and efficiency exceeding their large capacity counterparts. But how are they increasing the volumetric efficiency (VE) of these small capacity units to allow for this?
This paper investigates the use of turbocharging to create outstanding improvements in VE to improve performance and economy of small capacity engines. Fords 1.6 litre Sigma engine produced 101 PS and achieved around 38 mpg extra urban, now the 1.0 litre Ecoboost engine produces 125 PS and achieves 64 mpg extra urban. The new 1.0 litre Ecoboost engine can outperform its counterpart whilst meeting tight emissions standards with its efficient small capacity low rpm drive cycle. 
This paper investigates how turbocharging improves engine airflow and how turbocharging can be used to downsize larger capacity engines.
This exhibition paper covers essential extracts of the main document, the main document can be provided upon request via – cameronlamnea@gmail.com
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[bookmark: _Toc511938907][bookmark: _Toc512155950]1.0	INTRODUCTION

Vehicle manufacturers are reducing engine capacity to benefit from “the small engine drive cycle”  however, they are not sacrificing any performance or drivability when doing so. They are making engines with smaller displacement that under the current drive UK drive cycle testing show to be, more efficient, more powerful and to have much cleaner emissions outputs. This paper intends to show how turbocharging is allowing for this by meeting the following aims.
The aims of this paper are;
· To understand how turbocharging improves engine airflow.
· To understand how turbocharging can be used to downsize larger capacity engines.
2.0 [bookmark: _Toc511938908][bookmark: _Toc512155951]LITERATURE REVIEW

Within this section of this report, the basics behind increasing the various outputs of a modern combustion engine will be discussed. The aim is to show that turbocharging is the leading method of more powerful, driveable and efficient spark ignition internal combustion engines.
[bookmark: _Toc511938909][bookmark: _Toc512155952]2.1	THE BASICS

Exploring methods of how to increase the power outputs of a modern engine starts with a basic equation.
Power = P x L x A x N (Bell, 1997)
· P is brake mean effective pressure, bmep. The best way to think of this is as the pressure pushing the piston down the cylinder.
· L is the length of the stroke, which is how far the pressure is going to push the piston. 
· A is the area of the bore, which is the area the pressure has to work on. 
· N is the number of power strokes per minute, this represents how fast the engine is running and how many cylinders it has. This can be generated by means of the following equation. N = number of cylinders x (rpm/2), we divide the rpm by two as the four-stroke cycle only has one power stroke every 2 cycles.
Looking at the equation, pressure times area gives the average force pushing the piston down the cylinder, times this by L (PA x L) and a number is generated that provides the torque output of the cylinder. When this figure is multiplied by how fast the cylinder is doing its job, N, the result is power. This equation represents a more common equation, Power = torque x rpm. (Bell, 1997)
Knowing the basic equation for calculating the power output of an engine, how can the performance of the engine be improved?
Increasing any aspect of the elements of PLAN will yield power improvements, but the practicality of increasing most aspects is where the issues come into play. Increasing N gives two options, more cylinders or more engine speed (rpm). Increasing the number of cylinders is seemingly against the principle of the current trend shown by vehicle manufacturers, which makes sense when you consider more cylinders means more weight and pumping loses, leaving the engine less efficient at low engine speeds. Increasing the engine speed also comes with some nasty side effects. Inertial loads are the highest and most damaging loads within an operating engine, these loads rise with the square of the rpm increase. An example of this is a motor that previously revved to 6000 rpm having its limit increased to 7200 rpm, the inertial loads would be 144% greater, and this would massively increase general motor wear and tear. Both more cylinders and higher engine speeds are also the costliest methods of improving engine power. Ultimately, it is neither cheap nor practical to make significant power gains by improving the N value. This leaves the remaining option to increase torque through the PLA aspects. Looking at increasing the bore A or the stroke L gives maybe a 10% increase per item, nothing drastic and depending on either solely under a normal atmospheric pressure environment tends to be detrimental to fuel economy. If more power is the aim, then A and L do not seem to hold much promise. (Bell, 1997)
Now considering P is a different story, pressure can be changed in factors from 1.x to 5 and more, the boundary is pushed by engineers across the globe constantly in the pursuit of power. Boost developed by any means, improves bmep, and gives more power! The ’87 era of grand prix race cars used massive leaps in turbo development for the time to produce nearly 15 bhp per cubic inch of displacement, this gives an idea of the potential of turbocharging. (Bell, 1997)
Another interesting aspect of boost, is while the other methods that which will be researched in this report are detrimental to the everyday driveability of a vehicle, boost allows for softer cam profiles, milder port bores and all the cushy things that give that smooth driveability from the start, while the boost still offers huge power gain potential! The method behind the turbos magic being torque, driveability is also improved as more torque means for far meatier, useable acceleration even at lower rpms when smaller turbos are used, which many manufacturers are currently proving. (Bell, 1997)
[image: ]
[bookmark: _Hlk511743276]Fig. 2.1 – This graph shows how a boost pressure on a typical engine can increase the torque massively across the rev range from the point boost begins to develop. (Bell, 1997)
To back up the information given in Section 2.1 the graph above shows how the useful torque developed with the addition of a turbo can be large and can potentially cover a significant portion of the rev range. Whilst from before around 1500 rpm in this graph there is no improvement while the turbo begins to spool this range is still your normal vehicles natural performance, it would be an illogical argument to say that the point before 1500 is an issue as without the turbo the torque after 1500 would be equally as poor in rising. The turbo provides a large and very useful torque boost over the engine in its standard state. This additional torque detracts nothing from the original curve and supplies great drivability improvements when in force; it is also fun to have that extra power! (Bell, 1997)
[bookmark: _Toc511938910][bookmark: _Toc512155953]2.2	BRAKE MEAN EFFECTIVE PRESSURE AND VOLUMETRIC EFFICIENCY

Volumetric efficiency is a measure of the efficiency of engines induction process, which is the engines ability to draw in air and fuel mixture into the cylinder. Any improvement in volumetric efficiency generates a higher brake mean effective pressure. (Burgess and Gollan, 2010)
Turbochargers work by forcing more air into the cylinder, this increases the volumetric efficiency. (Maccines, 1976)
[bookmark: _Toc511938912][bookmark: _Toc512155954]2.3	VOLUMETRIC EFFICIENCY AND DOWNSIZING

Talking about downsizing through turbocharging is to talk about achieving more power from smaller units. For example, a 1.0 litre capacity engine with equal or more power when turbocharged than a 2.0 litre engine relaying on atmospheric pressure alone.
[bookmark: _Toc511938913][bookmark: _Toc512155955]2.4	DRIVE CYCLES

The UK Government provides vehicle manufacturers with guidelines and information on what defines the drive cycles associated with current UK emissions law. (Gov UK, 2017)
The following information is provided directly from the UK Government;
“How is the fuel consumption test conducted? 
· The test is outlined in Directive 93/116/EC as amended by Regulation (EC) 692/2008, and provides results that are more than representative of actual average on-road fuel consumption than previous tests. There are two parts: an urban and an extra-urban cycle. The cars tested have to be run-in and must have been driven for at least 1,800 miles (3,000 kilometres) before testing.
· Urban Cycle
The urban test cycle is carried out in a laboratory at an ambient temperature of 20oC to 30oC on a rolling road from a cold start, i.e. the engine has not run for several hours. The cycle consists of a series of accelerations, steady speeds, decelerating and idling. Maximum speed is 31mph (50km/h), average speed 12mph (19km/h) and the distance covered is 2.5 miles (4km).
· Extra-Urban Cycle 
This cycle is conducted immediately following the urban cycle and consists of roughly half steady-speed driving and the remainder accelerations, decelerations, and some idling. Maximum speed is 75mph (120km/h), average speed is 39mph (63 km/h) and the distance covered is 4.3miles (7km). 
Combined Fuel Consumption Figure 
The combined figure presented is for the urban and extra-urban cycle together. It is therefore an average of the two parts of the test, weighted by the distances covered in each part.”
When analysing the UK Governments current view on how a vehicles emission should be tested, the issue with larger capacity engines becomes more apparent. 
A comment here is that the government is currently considering changing the current drive cycle legislation as they believe it may not represent the realistic driving conditions of the general motorist. They call their new system the “NEDC” drive cycle, which they believe will be more realistic. However, this paper focuses on the current drive cycle system manufacturers are designing their vehicles to now.  (Gov UK, 2017)
Traditional larger capacity engines, with more cylinders, larger displacements and longer strokes were the go to option for smooth, powerful driving with high torque figures and consistent torque curves that rose steady up to the mid-range then gently dropped to the redline in favour of power. (Bell, 1997)
The issue with these larger capacity engines is that the current UK drive cycle is not tailored to open throttle larger acceleration/higher speed driving. It’s more aimed towards city driving and closed throttle cruising at a set speed. Not necessarily a great way of assessing vehicles, but none the less the way they have been doing so for some time. With a large capacity engine, the additional cylinders/displacement requires more of a restricting effect from the throttle body to limit the quantity of air they are consuming at large proportions of the drive cycle testing. (McDonald, 2017)
Smaller engines on the other hand, with economy based small turbochargers, pack a punchy drive around town with reasonable power outputs. (Bell, 1997) But due to the smaller displacement and low turbo draw at low RPM, they need little throttle restriction (McDonald, 2017), they can breathe freely and operate at more efficient zones within their efficiency potentials. (Sandford, 2018)
[bookmark: _GoBack]To aid with this explanation an engine operating within a fuel efficiency graph is provided below in Fig. 2.2
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[bookmark: _Hlk511743791]Fig. 2.2 – This image shows a 1.9l engine operating on an efficiency graph. (NGA 178, 2018)
The black dots on Fig. 2.2 show the vehicles efficiency as its rpm changes, in this case during city driving. The X axis shows the engine speed and the Y axis the engines bmep (left side) and torque (right side). As can be seen the black dots vary across the graph plot landing in different efficiency zones depending on the load the engine is facing any point in time and rpm. (Sandford, 2018)
With the throttle heavily restricted, the larger capacity engines will struggle to reach the best efficiency zones, while the small capacity engines will be able to flow freely and operate at points of higher efficiency on the graph. (McDonald, 2017) Smaller capacity engines therefore achieve better emissions due to increased efficiency. (Gov UK, 2017)(Bell, 1997)
There are several other theories as to why small engines perform better under the current drive cycle test in terms of emissions outputs, including generally less pumping losses from smaller engines with less cylinders/capacity. Factually smaller engines both cylinder and displacement wise give better emissions outputs and fuel economy readings with the Governments current drive cycle. (McDonald, 2017)
Please note, during this paper the author will refer to the small engines better results with the current drive cycle as the small engine drive cycle, and the larger engine worse results as the large engine drive cycle
[bookmark: _Toc511938914][bookmark: _Toc512155956]2.5	HOW ARE MANUFACTURERS TODAY MEETING THE TIGHT DRIVE CYCLE REQUIREMENTS

In short, turbocharging is the principle technology allowing manufacturers to downsize, and produce high output small engine drive cycle vehicles. This gets them through the emissions laws and keeps their sales going. Will this trend last? Time will tell, but regardless turbocharged spark ignition engines will always be around in vehicles and many other applications for the foreseeable future. It really is the key to the continuation of the internal combustion engine.  
[bookmark: _Toc511938949][bookmark: _Toc512155957]3.0	HAS FORD DEPENDED ON TURBOCHARGING TO IMPROVE VE AND DOWNSIZE

Comparing the Sigma 1.6 and the Ecoboost 1.6 intake valves, both flow similarly, rising steadily from the get go, a slight dip in the mid-range and then rising but trailing off at the higher valve lifts. There is no real large difference in the flow curves of each valve that would suggest a massive improvement in flow design. The flow however, of the Sigma 1.6 intake valves reaches higher peaks within the factory cam range than the Ecoboost 1.6 intake valves. So, the Ecoboost 1.6 intake valves have a lower CFM flow rate ability than the 20-year older Sigma 1.6 design. However, this may well be for very valid reasons relating to the introduction of the turbocharger, this will be discussed shortly. 
Comparing the Sigma 1.6 and the Ecoboost 1.6 exhaust valves, there is no significant change in flow rate ability, the only point to mention is that the Ecoboost 1.6 has a smoother rise in its flow curve than the Sigma 1.6.
Therefore, what is the most valid theory for the lack of improvement in flow, despite very different port shapes? The valves on both the inlet and exhaust side have no significant size differences.
The most viable theory is that Ford is now designing their cylinder heads to work with turbocharging systems, removing the need for any aggressive cylinder head designing. This allows them to create engine that drive smooth with soft cam profiles, smaller ports and so on, but with far more power than the engines they are replacing and downsizing. As they now have far more inlet pressure to deal with, they can forget the cylinder head side of power tuning and focus on aspects that help with handling the extra inlet pressure. Swirl flow of the inlet charge into the cylinder by changed port angles, piston crown design and improved air turbulence through advances in chamber designs, are most likely the focus. Basically, anyway to keep the air moving and as turbulent as possible. It is noteworthy that they even split the inlet ports from the very start of the intake manifold side of the cylinder head. This may be to redirect the air better and improve cylinder cooling with the turbocharger application. (Bell, 1997)
It’s strong proof from the results, that Ford have focused their cylinder head design to work with turbocharger applications, it is only reasonable to conclude that they are depending on turbochargers for improved VE. By doing so, they are also improving the design of the cylinder head in a way that the efficiency and economy of the engine is bettered, so you can see why turbocharging is the key interest of many main vehicle manufacturers now.  (Bell, 1997)
It would be very interesting to conclusively prove this highly probable theory with further testing, taking moulds of the inside of each cylinder heads ports, scanning them into CAD software and really analysing the differences and how it affects the flow of air. Also looking at the chamber and piston crown designs to see how they have altered them to increase air turbulence and swirl. Whilst this would certainly prove the theory given, it is beyond the scope of this paper to go into such depth when the evidence is already sufficient to argue that Ford is depending on turbocharging. Ford has made no significant improvement to airflow, other than the application of turbocharging systems.
[bookmark: _Toc512155958]4.0	CONCLUSION

In recent years, turbocharging systems and installations have been extensively researched and understood within the automotive industry and beyond. Automotive turbo charging system installations have been perfected and controlling turbocharging systems via waste gating and extensive electronic control (fuelling, boost controlling, variable vanes and so on), are well researched and understood. That is how manufacturers have been able to use turbocharging technology in recent years to downsize their engines ranges so successfully, allowing them to meet the current UK drive cycle requirements. 
At the start of this paper it was shown beyond reasonable doubt, that turbocharging is the method being used by manufacturers for downsizing. 
How turbo charger units themselves work, and all aspects of how to select the two key components to any turbocharger system (the turbo unit itself and intercooler) have been extensively researched and analysed.
A tool (“Turbo Calc 2.0!”) has been created that allows for deep review of turbocharged engine requirements, it provides many useful pieces of information to any ‘would be tuner’ looking to add a turbocharger to their vehicle, as well as recommending a turbo unit and giving an accurate estimation as to the required internal intercooler flow area. 
The tool was then used to compare engines and prove that a smaller engines flow rate in cfm can be increased to a point where the engines power output would exceed that of a larger engine. The smaller engine could then be used in direct replacement of the larger engine, thus downsizing the size engine required to power a particular vehicle those engines could be applied to. 
Taking Ford as an example, their current range of engines can be compared with previous engines.
	Engine
	Sigma 1.6
	Ecoboost 1.0
	Zetec (Zeta)2.0
	Ecoboost 1.6
	Duratec 3.0
	Ecoboost 2.0

	Turbo Y/N
	N
	Y
	N
	Y
	N
	Y

	Displacement (cc)
	1595
	999
	1988
	1596
	2967
	1999

	Compression Ratio
	11.0:1
	10.0:1
	10:1
	10.1:1
	10:1
	9.3:1

	Max. Power (PS)
	101
	125
	131
	180
	226
	250

	Max. Torque (NM @RPM)
	146 @ 4000
	170 @ 6000
	178 @ 4500
	240 @ 1600-5000
	280 @ 4900
	398 @ 2500

	Weight (KG)
	81
	86
	100
	99.9
	n/a
	140

	Dimensions HxLxW
	630x610x560
	700x600x745
	600x500x340
	600x620x640
	n/a
	679x664x568

	Power @ 3000 RPM (PS)
	59
	53.4
	70
	78
	110
	109.4

	Torque @ 3000 RPM (NM)
	140
	170
	162.5
	248
	255
	348.1


[bookmark: _Hlk511903311]Fig. 7.1 – table comparing Ford engines (Ford, 1995)
It should be noted that the 1.0 litre Ecoboost, is based on the older 4 cylinder engine block similar to that used for the 1.6 litre Sigma engine but reduced down to just 3 cylinders. This eliminated some of the capacity, and also reduces moving parts and friction. (Ford, 2017)
The table above looks at Ford engines used in their most popular vehicles ranges. For each large capacity engine, Ford has devised a new Ecoboost series engine to replace it. These Ecoboost engines are now being used in direct replacement for their predecessors. As can be seen, each engine has slightly more power than the unit it has replaced. This is not because of a trend of increasing vehicle power, but more of a statement by Ford as to the potential of their new turbo series to perform. Almost all the Ecoboost engines above have the option for high power outputs in special edition vehicles. An example of this is the Ford Fiesta Black edition, it usually features a 125PS 1.0 Ecoboost engine but for this limited edition Ford increased this power to 140PS through only software changes (mainly increased boost pressure). This really speaks for the power potential of these turbocharged engines (Ford, 1995). It would have been previously very costly and difficult to increase the performance of a 1.6 sigma engine by 15PS using cylinder head modification methods. 
If the engines are compared at an extra urban cruising rpm of 3000, it can be seen that the power outputs of the engines with their replacements are incredibly close, often within 5 PS. However, looking at the torque figures, the turbocharged engines are reaching peak torque levels very early on in the rpm range and are holding very flat torque curves. At 3000 rpm every smaller displacement turbocharged engine has far larger torque outputs than its predecessor. It is a trait of engines that depend on cylinder head design, including port design and camshaft profile to generate good volumetric efficiency, to have very curved torque figures rising well through the low rpm and dropping off fast in replacement for power at high rpm. However, the turbocharged engines rise immediately to high torque levels as soon as boost is developed and hold flat torque figures throughout the RPM range. (For comparison of turbo vs non turbo torque curve see Fig. 7.3). As a result, the new Ford turbocharged engine range is doing less work than their predecessors and can operate using less fuel at 3000 rpm, as well benefitting from the small capacity drive cycle which further increases their economy and equally as importantly, their emissions outputs. 
This is confirmed by looking at the low rpm cruise (extra urban) fuel usage figures provided by Ford for the older 1.6 engine and the newer Ecoboost 1.0 engine in very close chassis applications. See Fig. 7.2
	Ford Fiesta (2008 – 2017) 1.6 extra urban mpg
	Ford Fiesta (2008 – 2017) 1.0 extra urban mpg

	47
	65


[bookmark: _Hlk511903329]Fig. 7.2 – Comparison of Ford Fiesta MPG (Ford, 1995)(Automobile Catalog, 2017)
[image: C:\Users\NigerianMan\Desktop\Dissertation\Images\Ecoboost 1.0 dyno vs Sigma dyno 1.6.png]
[bookmark: _Hlk511903350]Fig. 7.3 – Ecoboost 1.0 vs Sigma 1.6 torque curve comparison (Ford, 1995)(Automobile Catalog, 2017)
Throughout this paper, it has been extensively argued and concluded that turbocharging will be a key component of future engine design; even should the world turn to hybrid vehicles. The chances are that until battery technology improves to catch up with hybrid technology, a very small displacement turbocharged engine for high torque and efficiency will be used to run the generator in the hybrid system. 
In conclusion, this paper has successfully achieved its aims and objectives to prove that manufacturers are currently using turbocharging to downsize their ranges. This allows them to benefit from the small engine drive cycle and meet the current emissions standards. Any further investigation into turbo charger application would be beyond the scope of this paper. There is an infinite amount of research that could be carried out on other aspects of turbo charger systems including system controls, but this would not significantly improve the quality of this papers conclusions. The information within this paper offers a great insight into the world of downsizing engine ranges using turbocharging. Moreover, it demonstrates beyond doubt the tuning potential of any engine for racing/fast road applications by using turbo charging systems!
Turbocharging is a great versatile way of improving the output of any type of combustion engine with particular benefit to spark ignition types in terms of emissions with small turbo applications. 
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