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Looking into the application of a turbocharger to existing engines in order to improve their power output whilst maintaining the drive cycle of a small engine at low power outputs.
[bookmark: _Toc498943651]Abstract
Non – intellectual 
Emissions laws are getting tighter and major car companies are finding ways for their cars to meet these new rules. This affects the everyday cars driven by the public on their everyday commutes right the way up to commercial vehicles bring the public their goods. It impacts fuel costs to the everyday driver and creates uncertainty for the future. Companies are downsizing their engines, making smaller engines with the power of bigger engines that are also more efficient! But how are they doing this? 
To answer the question this paper investigates the use of turbocharging to improve the performance and economy of small capacity engines. For example how when you sold your 1.6 litre fiesta and purchased a new 1.0 litre fiesta you might have feared it would be powerless but it feels faster and is also costing you less to run. That is thanks to the new engine being fitted with a turbocharger, this paper will investigate how this unit is improving the flow of air through your engine making it that much more powerful and efficient. A 1.6 litre engine used to produce around 100 horse power and achieve 30-40 miles per gallon. Now a 1.0 turbocharged engine is capable of producing around 125 horse power and achieve between 60-70 miles per gallon. 
This is technology that has been around for a long time but only recently perfected. This paper will show how car companies are using this technology and how future companies could also use it, and also provide them with a tool to help them do so. 
Intellectual
Emission laws are now at Euro 6 standards and drive cycles must now become very efficient. The low rpm drive cycles of larger capacity engines are no longer able to meet emissions laws but smaller capacity engines have a more efficient low rpm drive cycle 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 manufacturers such as Ford have achieved such successful results using turbocharging when downsizing their engine range and how their method can be used by future companies to achieve the same results, as well as providing a mathematical tool to help do so. 
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[bookmark: _Toc498943653]Introduction
The year is 2017 and it’s an incredibly exciting time to be connected with the motor industry and sometimes it’s hard to work out exactly where the next blockbuster headline will be coming from. 
Firstly, Volvo shook up the industry by announcing all its cars would be electric by 2019. But that doesn’t signal the end for automotive diesel and petrol internal combustion engines as many national newspapers suggested. (Volvo, 2017)
That’s because Volvo actually means every car will work with an electric motor by Dateso, all models would either be fully electric, or as Volvo stated “will be supplemented by a range of petrol and diesel plug in hybrid and mild hybrid 48 volt options on all models representing one of the broadest electrified car offerings of any car maker” (Volvo, 2017)
So, as they say, the devil really was in the detail. Volvo is not looking at pure EV models and if you need further proof, the Swedish company has launched its latest VC60 crossover which is mostly driven by diesel engines. (Volvo, 2017)
The other major news story for 2017 that cannot go unmentioned in this introduction, is the UK Governments announcement that all vehicles will be electrified by 2040. That does of course, mean hybrid models too. Whilst we must welcome any moves to clean up air pollution, 2040 is a long time off. We would need a far improved infrastructure to cope with millions of plug-in vehicles and sourcing that extra electric power can be a dirty business in itself. (Gov UK, 2017)
It’s also a tad ironic that in the same month that the Government goes all “Green” on us, it pulls the plug (pardon the pun) on the electrification of the train line between Cardiff and Swansea meaning that diesel trains will still be churning out their emissions through South Wales. (Gov UK, 2017)
This leads to the whole essence of this paper, you have heard the word diesel a number of times already in this introduction. The government has turned its back on this dirty fuel naming it as a source of carcinogenic chemicals when combusted that ids affecting the health of the nation, especially in our grid locked inner cities. Nasty emissions of Nitrous oxides NOx and Sulphur oxides Sox. Talk of increased taxes and congestion charges on diesel powered vehicles looks a distinct possibility. This is where the Petrol engine, particularly small capacity turbocharged engines are very much “in vogue”. The small capacity engines low rpm drive cycle might just hold the key to meeting modern emissions standards. Nearly every manufacturer has a turbocharged petrol engine model in their line ups. Compare this to the early 1980’s when Renault pioneered turbocharging on a mass production level with the Renault 18 and Bentley with the Mulsane Turbo R. They were a revolution for they time and their popularity has snowballed ever since (Macinnes. 1976). Reliability issues back then especially before the introduction of fuel injection cause other manufactures to shun this technology.But coming from that era with the advent of the ECU and advanced fuel injection with strict fuelling control and you have the wonder engine needed for today’s highly emission conscious world. Not only are the latest breed of turbo engines compact in size and lightweight when compared to diesels. They can provide flexible power delivery, high output and high fuel efficiency. Ideal as stand- alone units or as a compliment to an electric motor in a hybrid vehicle. Where Renault embraced Dr Buchi’s technology and still do with their high performance versions of the Renault Clio and Meganne so too have the other manufacturers. Fords highly successful range of Ecoboost engines powering everything from the humble favourite the Fiesta, to the mighty Mustang, a muscle car legend (Ford, 2017).  Manufacturers, Suzuki, Audi, Volvo, BMW, Volkswagen, Citroen, Peugeot, Nissan and Vauxhall are all embracing the small capacity turbocharged internal combustion engine. This paper will investigate the small capacity drive cycle and how it can allow petrol engines to meet tight emissions law. Turbocharging will be investigated as the key to allow for the small capacity engine’s VE to be increased enough to make it a viable replacement for large capacity engines of the past. (Bell, n.d.)
[bookmark: _Toc498943654]Literature Review
Volumetric efficiency
Talking about downsizing is to talk about achieving more power from smaller units. Typically in the past the larger the engines displacement the higher its power output, the general public may have associated a 2.0 engine with a certain power range and a 1.0 engine with a significantly lower power range. This perceived power link to displacement is no longer applicable, 1.0 engines can now have power ranges far above or equal to that of an older 2.0 engine. The key is improvements that have been made in volumetric efficiency, this is the most important factor for defining the performance characteristics of an engine, and it dictates how much power an engine is capable of producing. But why would manufactures want to use smaller displacements? To benefit from the small displacement drive cycle which will be further discussed. (Burgess and Gollan, 2010)
Volumetric efficiency is a measure of the efficiency of the engines induction process which is the engines ability to draw in air and fuel mixture into the cylinder. There are many restrictions to the flow of air into the cylindersuch as, the air filter, intake piping, butterfly valve, inlet manifold, valves, etc,which act as obstacles obstructing the route the air must take. Almost like an assault course for air molecules. See Appendix item 1 for further information on restriction to the route the air must take.(Burgess and Gollan, 2010)
Volumetric efficiency (VE) of modern engines can range from 80 to 90% plus, but if older engines are considered this value would have been much less, around 60 to 70%. Just from this, it can be said that there is certainly room for manufacturers to improve the VE of their engines to benefit from the drive cycle of smaller displacement, whilst maintaining the power outputs of older high capacity units. (Burgess and Gollan, 2010)
Increasing the airflow into the cylinder and matching it with correct fuelling will certainly increase power as the mass of air in the cylinders governs how much fuel can be burnt. Any modification that allows for easier air movement into the cylinders will improve volumetric efficiency, this generates a higher Brake mean effective pressure (bmep) and as a result more torque and power. (Burgess and Gollan, 2010)
Please see appendix item 4 for the UK Governments guidelines on what defines the drive cycles talked about within this paper.  
Below some of the various methods of improving VE that should be considered have been described. 
High lift camshafts 
In short camshafts must control the timing of the opening and closing of the valves in order to fill the cylinder with a fresh mixture prior to combustion and empty the cylinder afterwards. This is a straightforward job, but the timing of the valves impacts largely on torque, power, driveability and emissions output of the engine. (Burgess and Gollan, 2010)
Camshaft profiles relate to the valve lift, opening durations and valve overlap. Camshaft profiles are designed with performance and emissions interests in mind, small changes in the camshaft profile can have large effects on the engines running characteristics. As companies such as Kent Cams and Piper Cams have found, factory standard camshaft profiles can usually be specialised to a degree to improve horsepower/emissions outputs.(Burgess and Gollan, 2010)
The shafts themselves are driven from the crankshaft at half crank speed via belt, chain or gear timing. It takes two full crankshaft rotations to complete one full revolution of the camshaft and thus complete the four stroke cycle. “Timing” refers to the physical link between the location of the camshaft to the crankshaft and engine cylinders, the camshaft must be timed correct with the correct relationship to the crank. 
(Burgess and Gollan, 2010)
Looking at a four stroke Otto cycle the valve opening order can be seen in basic from.
[image: ]
[image: ]
Figure 1 – Four stroke engine operating cycle (Maccines, 1976)

The images above show a single cylinder with one exhaust and one inlet valve per cylinder. 
· During the intake stroke (A) the inlet valve is open and the exhaust valve is closed.
· During the compression stroke (B) both valves are closed.
· During the power stroke (C) both valves are closed.
· During the exhaust stroke (D) the inlet valve is closed and the exhaust valve is open. 
Take a basic camshaft profile of an overhead cam for the Otto cycle above to be that the valve timing would be exactly as shown and as soon as one valve opened the other closed immediately with no overlap. There are a number of changes that could be made to this profile to increase the power output of the cylinder. (Benson RS. and Whitehouse ND., 1979)
Valve lift and duration are the first things that come to mind when discussing improving airflow via camshaft profile, both these, when set correctly are capable of giving great improvements in airflow thus VE. (Burgess and Gollan, 2010)
Beyond this the profile can be modified in more complex ways, involving changing the valve lobe separation angle. This alters the valve overlap. Some techniques using valve overlap are outlined below,(Burgess and Gollan, 2010)
BDC – Bottom dead centre
TDC – Top dead centre
· During the power stroke, as the piston moves towards BDC the exhaust valve can be opened before the piston reaches BDC.(Burgess and Gollan, 2010)
This is known as “blowdown”, it allows exhaust gases to begin escaping earlier. The piston then moves back up towards TDC pushing the remaining gases out. (Burgess and Gollan, 2010)
· During the induction stoke, as the piston approaches TDC at the end of the exhaust stroke the inlet valve can start opening before the exhaust valve has fully closed.(Burgess and Gollan, 2010)
This begins to draw the inlet charge in early allowing some extra charge to be drawn in as a vacuum is created by the rapidly exhausting gases. The exhaust valve is then fully shut just after the piston begins to move back down the cylinder, finishing the induction stroke.(Burgess and Gollan, 2010)
· The inlet valve can remain open for a period after the piston passes BDC before beginning to return up towards TDC for the compression stroke. (Burgess and Gollan, 2010)
The rapidly flowing air into the cylinder is travelling at high speed and continues to pack into the cylinder as it does not want to stop if the valve is kept open. The piston then returns to TDC completing the compression stroke and the cycle begins again. (Burgess and Gollan, 2010)
The above mentioned methods will all lead to improved airflow and therefore greater VE. High lift and altered duration camshafts (Modified cams) are defiantly a strong consideration in improving VE.  (Burgess and Gollan, 2010)
Porting
Porting is a skilled art, requiring delicate hand work and an experienced eye. See appendix item2 “Porting” for a full outline on how to modify a cylinder port by Peter Burgess & David Gollan. 
The aim of porting is to remove anything in the port channel that might cause a restriction or offend a perfect flow of air through the port. Looking at Figure 7 the terminology for the areas of a typical cylinder port are labelled. The aim is to lower the guide boss, create a shape for the throat with the smoothest entry for the air, create the smoothest shape for the short side turn and expand the overall area of the port. The port must also then be highly polished to ensure the air/fuel mix remains homogenous. (Burgess and Gollan, 2010)
If done successfully the larger smoother shaped/surfaced port will allow for more air/fuel to flow through the port and at greater speeds increasing engine VE. (Burgess and Gollan, 2010)
Removing material is done by means of hand grinding with various grinding tools such as stone and burred metal grinding heads, polishing the ports is also completed by hand with more basic materials such as emery cloth and polishing paste. (Burgess and Gollan, 2010)
Porting is incredibly time consuming, the material cost is low but labour cost is very high. The level of skill required is also very high a small mistake can cause a “Hollow” (Low point) in the port which causes a change is air flow direction and disturbs the flow through the port, or many other issues. A small amount of material to much can even cause a water or oil gallery to flow into the port rendering the entire head as scrap. Skilled porters are hard to come by and charge high but warranted costs for this type of cylinder head modification. It takes years to perfect the skill of porting to see useable power gains from porting a cylinder head. (Burgess ad Gollan, 2010)

[image: ]Figure 7 – Cross section of cylinder head port with labelled port terminology. 

Forced induction[image: ]
Figure 2 – Engine with compressor (Maccines, 1976)
Figure 2 shows a compressor added to the basic engine. This may be done at any point along the induction system if the vehicle is directly injected or before or after the carburettor on older vehicles. In either case, if the compressor capacity is greater than that of the engine, it will force more air into the engine hence using a greater amount of air than in a naturally aspirated form. The amount of additional air will be a function of the intake manifold charge density compared to the density of the surrounding atmosphere. (Maccines, 1976)
Supercharging
There are two basic types of compressor; positive displacement and dynamic. Positive displacement types, Figure 3 includes reciprocating, lobe and vane compressors. These compressors are usually driven from the engine crankshaft through belts, gears or chains. These types of compressors pump essentially the same amount of charge for each revolution of the engine regardless of speed, and because they are positive-displacement devices, all of this charge must pass through the engine. Assuming the compressor displacement is twice that of a normally aspirated engine the intake manifold pressure must rise to enable the engine to use the same weight of charge delivered by the compressor. This type of supercharger has the advantage of delivering approximately the same manifold pressure at all engine speeds but has the disadvantage of using crankshaft power to drive it. The roots-type love compressor also has the disadvantage of inherent low efficiency (below 50%). This causes excessive charge heating and therefore higher thermal stress on the engine. The lysholm type lobe compressor has a much higher efficiency (up to 90%), but is extremely expensive and not practical for automotive use. A similar argument holds true for both reciprocating and sliding vane types. (Dallenbach, n.d.)
Dynamic compressors also come in several different types. The two main type used for supercharging being the axial compressor and the centrifugal compressor. The centrifugal compressor is most suited for passenger car engine application since it is possible to achieve a considerably higher pressure ratio in a single stage of compression. This enables a simpler more reliable compressor deign to be used. All dynamic compressors are inherently high speed devices because they depend on accelerating the gas to high velocity and then slowing it down by diffusion to obtain compression. Diffusion being the process of slowing down the gas without turbulence so velocity energy is converted into pressure energy. (Dallenbach, n.d)
The centrifugal compressor is shown in Figure 4. Because the compressor must be driven at very high speed it is difficult to drive from the engine crankshaft (speeds may vary from 40,000 to 150,000 rpm). It would require a step up gear of higher than 20:1 on an engine running 5,000 rpm. This is impractical since a complex and expensive gear system would have to be used. (Macinnes, 1976)
Turbocharging
Following on from supercharging, a turbine is a high speed device, for this reason it is possible to couple a turbine with a centrifugal type compressor without the need for the use of gears or belts. The turbine can be driven from the exhaust gases of the engine, utilising energy usually dumped overboard in the form of heat and noise. The complete turbocharger comprises a centripetal, radial inflow turbine and a centrifugal, radial outflow compressor mounted on opposite ends of a common shaft. The shaft is enclosed by a centre housing ad supported on bearings within the housing. Specifically designed aerodynamic housings direct the flow of gases through the turbine and compressor wheels. See Figure 5. (Bell, n.d.)
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Figure 3 – Positive displacement compressors (Macinnes, 1976)
[image: ]
Figure 4 – Centrifugal compressor (Macinnes, 1976)
[image: ]
Figure 5 – Section through turbocharger showing flor of air and exhaust gas (Macinnes, 1976)
[bookmark: _Toc498943655]Literature review findings
Out of the four methods that have been considered, one method stands out from the rest. Forced induction is the most appropriate method for improving VE of existing engines and allowing for downsizing, to back this up it is currently the chosen method of many manufactures actively downsizing their engines. 
What are the reasons for this?
Turning firstly to: high lift camshafts and porting. In addition to these two options, there are similar methods for example, larger diameter valves which could achieve similar results based on the same principles but with the same drawbacks. It is important to consider the cylinder head as a whole, so when changing a camshaft profile to a more aggressive one, the ports would also need to be improved. (Burgess and Gollan, 2010)
Improvementswould then need to be seen inthe exhaust system, intake system, butterfly valve design, valve size, combustion chamber shape and so on in order to match the changes made to the camshafts and ports. If one part of the cylinder head design has a lower limit to flow than the improvements being made, a bottleneck effect could occur leaving the improvement unnoticed and unable to provide its potential benefit.  (Burgess and Gollan, 2010)
So considering that the entire head design needs to be re-evaluated with each change madecylinder head modification begins to become an expensive and complicated way of improving VE. New designs for engines would be needed, this means new manufacturing equipment etc. (Burgess and Gollan, 2010),
Another issue with cylinder head modification and certainly high lift camshafts and head porting is the trade-off between low end torque and high end power. With a race car it is perfectly fine to have aggressive camshafts and a heavily ported head leaving the engine producing large power at high RPM. But for road use the lack of low end torque would leave the car with poor driveability. When the design is then re-evaluated to improve the low end torque, the high end power beings to reduce. A car with a camshaft profile and port design aimed to maximise low end torque will generally have poor high end power. Variable valve timing helps to overcome this issue but still room for improvement. (Bell, n.d.)
Forced induction on the other hand offers improvements in low end torque and high end power with a correctly matched turbo/super charger and engine. A turbo/super charger can often be fitted to existing engine designs with minimal changes to existing manufacturing equipment. This gives a more cost effective, and road going car friendly method of improving VE. (Macinnes, 1976)
Turbocharging over supercharging
The benefits of turbocharging over supercharging have been explained in the preceding paragraphs. The main reason for selecting a turbocharger unit over a supercharger is that a supercharger places a draw on the engine, whilst a turbocharger uses waste exhaust gases to provide its improvement to VE.
The supercharger has a cost to its performance gain in the form of increased engine load. It can be argued that the turbochargers performance gain is free, as it comes from energy that would otherwise be lost in the form of heat and noise. Both options lead to the same potential improvements to VE but the turbocharger is a more efficient way of achieving these gains.
Another benefit of using the turbine to drive the compressor is that the linkage from crankshaft to supercharger via the use of gears or pulley belts is complicated and difficult, due to the slow speed of the crankshaft in relation to the high speed of the compressor. A more sensible option is to make use of a high speed turbine to spin a high speed compressor.
Final choice
The final choice and focus of this paper will be turbocharging for the reasons expressed above, it is definitively the method to be used to increase VE for the future development of automotive engines,to utilise the drive cycle of small capacity engines without losing the power of large capacity engines. More efficient engines with improved fuel economy will be the result. 
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The aim of this project is to satisfy the two main aims of which are:
How do turbo chargers improve power outputs of smaller capacity engines?

How does this affect the efficiencies at different drive cycle ranges compared with the previous larger capacity engines to be replaced?

Initial investigation
Initial investigation will focus on the drive cycle of larger capacity engines vs smaller capacity engines. The aim being to understand why the drive cycle of smaller engines is able to meet the tightening emissions regulations whilst the larger capacity drive cycles are not.
The current emissions laws only look at a certain section of the drive cycle which is more urban/low rpm & power output based. (Gov UK, 2017) This project intends to investigate how larger engines result producing more emissions at this stage, due to increased cylinders/cylinder capacity requiring more of a restricting effect from the throttle body in order to limit the quantity of air they are consuming. However, at higher rpm/power output, fast motorway driving/overtaking or more performance based driving, larger capacity engines may actually prove to have more efficient drive cycles. (Malcom, 2017)
A large number of aspects have an effect on the efficiencies of smaller capacity engines in comparison with engines of larger capacity, there are a number of valid theories that will be investigated (This will form the basis of further investigation and evaluation during the main project literature review). (Malcom, 2017)
How are current manufacturers’ meeting current emission laws using downsizing
Currently, there are manufacturers adopting turbocharger configurations to increase the VE of their engines and downsize their engine range capacities, in order to meet current emissions laws and get lower urban fuel usage.  
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
	
	140

	Dimensions HxLxW
	630x610x560
	700x600x745
	600x500x340
	600x620x640
	
	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


Table 1 – comparison of 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. It can be seen that for each large capacity engine, Ford have 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 of 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 Figure 6). 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.
	Ford Fiesta (2008 – 2017) 1.6 extra urban mpg
	Ford Fiesta (2008 – 2017) 1.0 extra urban mpg

	47
	65


 Table 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]
Figure 6 – Ecoboost 1.0 vs Sigma 1.6 torque curve comparison (Ford, 1995)(Automobile Catalog, 2017)
A flow bench test will be performed on a standard Sigma 1.6 cylinder head and a standard Ecoboost 1.0 head. The purpose of this test is to see if Ford made any cylinder head modifications to improve VE as well as the application of the turbocharger unit. The results of this test will be helpful when it comes to the following sections of the project in terms of understanding how Ford are configuring their new engines. Are they depending solely on turbocharging to force more air through previous designs, or are they also using other techniques?
Investigating downsizing
The principle is that the manufacturer can use an engine with a small capacity and efficient drive cycle such as a 1.6 litre engine and use it to replace a larger 2.0 litre engine, by increasing the VE of the 1.6 by use of a turbocharger. By doing this they not only get the benefit of a smaller driver cycle allowing them to meet emissions laws, but they create a more efficient engine with a flatter torque curve across the rpm range. 
Looking at engines such as the Ford, Audi, Renault, etc., Engine ranges which have already been downsized, their set ups can be reverse engineered in order to give a clear understanding of how they have achieved higher VE figures through turbocharging. The aim of reverse engineering existing engines that have been downsized is to understand the procedure taken by leading manufactures and be able to repeat it on engines which have yet to be downsized.
In order to reverse engineer their set up, turbo matching calculations can be used on datasets provided by the manufactures and the details of the specific turbochargers used on their engines. The same method can then also be applied to their older larger capacity engines which were replaced (For example the Sigma 1.6 and the Ecoboost 1.0). This will provide a comparable dataset to show the improvements made in VE and how the smaller units are able to replace the larger units and be more efficient. 
Please see appendix item 3for information on the data to be gathered from the manufactures and the turbo matching calculation to be used. 

[bookmark: _Toc498943657]Conclusion
Using the results of the investigation
Once conclusions have been drawn on how the leading manufacturers are using turbocharging to downsize their older larger capacity engines, a spreadsheet can be created as a “downsizing tool” for designing future set ups to downsize existing engines. Say a manufacturer such as Peugeot for example, has a 1.0 unit with an efficient drive cycle they wish to improve the VE on in order to match the output of and replace a larger 1.6 litre engine, the manufacturer could input the airflow information of the 1.0 engine and the desired pressure ratio, the spreadsheet would then suggest suitable turbo charger set up in order to achieve this. The suggested design would be based upon how Ford for example, have been successful and used proven turbochargingmethods with their Ecoboost range.
The tool can be applied to engines such as fords older engines in order to review its accuracy. 
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Airflow restrictions
Figures 1 & 2 show cfm images were the coloured lines represent the airflow, the scale in Figure 1 can be used to show that red is more restriction and blue is less. 
As previously described there are many obstacles the clean air must pass in order to arrive at its final destination in the cylinder ready for fuel mixing and compression. 
As can be seen from Figure 2, the air must first be drawn through the air filter (air cleaner). Depending on the application and how long the filter has been in place this provides varying levels of restriction to the flow. The red lines illustrate that there is some difficulty to draw the air through this filter. 
As another example Figure 1 shows the air traveling through a simple intake tube. Even though in this example the air must contend with only a high flow air filter, single butterfly valve fully open (wide open throttle), single fully opened valve and the shape of the intake pipe itself, areas of high restriction can be seen in the flow. Especially in the lower section on the intake pipe. 
All the different restrictions on an inlet system combine to make a difficult path for the air to pass through under normal atmospheric pressure. The engine has to work to suck the air in.
[image: Image result for cfd image cylinder head and inlet]
Figure 1 – Air travelling through a intake pipe and cylinder valve. Image thanks to Mark Eaton using simulation software.
[image: Image result for cfd image cylinder head and inlet]
Figure 2 – Air traveling through a intake filter and cylinder valves. Image thanks to Mitch Seymour from a Solidworks simulation.
[bookmark: _Toc498943661]Item 2
Porting a single cylinder head port by Peter Burgess & David Gollan (Burgess and Gollan, 2010)
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[bookmark: _Toc498943662]Item 3
Turbo matching calculations to be used
Turbo matching
 The following information is required to understand the configurations that have been used,
· Flow rate through the engine in its naturally aspirated form 
· Flow rate through the engine in its turbocharged form
· The pressure ratio which has been used
· The boost pressure which has been used
· The turbocharger configuration they used to achieve this
· The intercooler configuration they used to achieve this
All of the above information can be obtained easily from readily available data. With this information it can be said which pressure ratio and boost pressures they selected, which turbine A/R ratio and compressor A/R ratio they selected to achieve their desired boost pressure. They may have compromised on turbocharger selection this can be analysed by use of compressor maps for the turbocharger unit they fitted. The intercooling configuration can be investigated using intercooler calculations in order to understand how they overcame heat transfer issues and the efficiency of their set up. (Bell, n.d.)
Once their set up is understood the basis of a successful setup can be used to create the “downsizing tool” using Microsoft excel. (Bell, n.d.)
Sub note, A/R ratio
A is the area of the turbine housing nozzle and it is divided by R which is the distance from the centre of the turbine wheel to the centroid of area A. This will determine the flow of gas for a given turbine wheel. See figure 1 for illustration of the area A and distance R on a vaneless turbine housing. (Bell, n.d.)
[image: ]
Figure 1 – vaneless turbine housing with area A and distance R illustrated. (Macinnes, 1976)
Calculation to be used 
The first requirement is to determine how much air will flow through the engine at maximum engine speed. (Macinnes, 1976)
An example engine has been used below to show the calculations in practise and to provide more a more intuitive view of how the calculations are used as opposed to just giving a list of calculations that it may be hard to visualise the use of. (Bell, n.d.)
The following maths is taken from reference (Bell, n.d.).
Engine type: Spark ignition
Engine layout: V8
Cylinder bore: 95mmPiston Stroke: 80mm
Rev Limit: 9500 rpm
Volumetric efficiency naturally aspirated: 85%
Required boost pressure: 12psi
Firstly the displacement need to be calculated 
The calculation for displacement is UD = (Pi x r^2 x H) x No. of cylinders
r being the radius of the cylinder bore and H being the height of the cylinder. 
The bore is 95mm, so the cross sectional area of the cylinder is area = Pi x radius squared, pi x 47.5^2 = 7088.218425
The height of the cylinder (length of the stroke) is 80mm. Therefore UD of one cylinder = 7088.218425 x 80 = 567057.474mm3
There are 8 cylinders so the total displacement is 567057.474 x 8 = 4536459.792mm3
Convert this from mm3 to m3 4536459.792 / 1x10-9 = 0.0045364597919999999354m3, this rounds to 0.004536m3
Now that the displacement is known the following equations can be used,
PR = (14.7 + Boost pressure) / 14.7
And
Vt = PR x (v x nv x N)/2 x 60

Where,
PR = pressure ratio 
Vt = volumetric flow rate m3/s
V = total engine displacement m3
Nv = volumetric efficiency 
N = engine speed
The flow rate can now be worked out,
PR = (14.7 + 12) / 14.7
PR = 1.816326531 which rounds to 1.82

Vt = 1.82 x (0.004536 x 0.85 x 9500)/2 x 60
Vt = 0.5555277m3/s which rounds to 0.556 m3/s
The flow rate needs to be known in cfm as opposed to m3/s, this is only because compressor maps tend to be in American format of cfm.
0.5555277 times 2119 = 1177.16 cfm
From cfm to lb/min or airflow is cfm x 0.069, this gives 81.22404 lb/min 
Using compressor maps
The cfm/lb/min point calculated in the section above can now be plotted onto each of the compressor maps available. Looking at the highest point showing maximum engine air flow we can see if the compressor is capable of producing the flow at a reasonable efficiency with airflow to spare. When using compressor maps any points over the surge line are to be avoided. The surge area is the area to the left of the surge line on the map and is a region of pressure and flow were the compressor is unstable. Also points plotted on the compressor map which fall below an efficiency of 60% are to be avoided. Hence the useful range on the compressor map lies between the surge line and 60% compressor efficiency line. (Bell, n.d.)
Considering the lb/min rate is 81.22 at 9500 rpm, 50% of this would be required at half engine speed of 4750 rpm. So at 40.51 lb/min a pressure ratio of 1.82 is desired. On the map 20% cfm and pressure ratio of 1 have then also been joined to the point of half engine speed to give an accurate map line that will show weather the turbo is suitable (Bell, n.d.).
Below I have drawn the lb/min rate against the pressure ratio on the compressor maps provided (bell, n.d.).



Figure 3, this shows the turbo map of the 62-1 turbo 
[image: ]As we can see from figure 3, the turbo cannot cope with the maximum flow required by the engine. It is therefore not suitable.














Figure 4, this shows the Garret t3 super 60 turbo map.
[image: ]
As can be seen from figure 4, the turbo cannot even sustain half of the required pressure. This turbo would not be suitable.
Figure 5, this shows the T04B H-3 turbo map.
[image: ]As can be seen from figure 5, this turbo cannot deliver enough flow to satisfy the engines requirements and is therefore not suitable. 











Figure 6, this figure shows the T88 turbo map.
[image: ]As can be seen from figure 6 this figure shows a good fit of the lb/min flow line. The flow is always within the surge limit and therefore this turbo will operate safely. The efficiency is 80% through the middle of the boost range and 74% at full flow/max load. This are very good figures and are well above the minimum efficiency of 60%.
The only downside with this map is that boost in not produced until around 2500 rpm, this indicates there will be a small amount of “turbo lag” with this unit at lower rpms. However It does produce the required pressure ratio at half engine speed. The compressor will be spinning at around 66,423 rpm when creating full flow required, this is well within the limits of the turbo. 
Overall the T88 compressor is certainly the best choice of the four for the engine. 
Heat and intercooler calculations
For this section it is given from the brief that the ambient air temperature is 27 degrees Celsius. For mathematical equations this needs to be in kelvin which is degrees Celsius + 273. This given 300 Kelvin for the ambient air temperature. 
Compressor efficiency is defined as the ratio of calculated to actual temperature rise of the compressed intake charge. 
The following formula can be used to calculate compressor efficiency
Tout = (PR^0.28 x Tin) – Tin/ Actual temp rise
This can be rearranged to give the following which calculates actual temperature rise,
Actual temp rise = (PR^0.28 x Tin) – Tin / Nc
Where,
Tout = the temperature of the air charge after compression
Tin = inlet charge temperature
PR= pressure ratio
Nc = compressor efficiency (obtained from compressor map)
Heat rise at max efficiency 
The heat rise at max efficiency is calculated using the actual temp rise equation and the efficiency at the desired pressure ratio which is highest across the compressor map. 
In the instance of the engine being investigated, the highest efficiency achieved at the pressure ratio of 1.82 is 80%, this is highlighted in figure 7.

Figure 7, this shows the section of the map giving 80% efficiency at a pressure ratio of 1.82. 
[image: ]
The heat rise at maximum efficiency is,
Actual temp rise = (PR^0.28 x Tin) – Tin / Nc
Actual temp rise = (1.82^0.28 x 300) – 300 / 0.80
Actual temp rise = 68.46 degrees Celsius 
Total compressor outlet heat, 68.46+27 = 95.46 degrees Celsius
(Bell, n.d.)
Heat rise at maximum load/flow
The heat rise at max load is calculated using the actual temp rise equation and the efficiency at the desired pressure ratio which is at the point where the load is highest. 
In the instance of the engine being investigated, the highest efficiency achieved at the pressure ratio of 1.82 is 74%, this is highlighted in figure 7.















Figure 8, this shows the section of the map giving 80% efficiency at a pressure ratio of 1.82. 

[image: ]
The heat rise at maximum efficiency is,
Actual temp rise = (PR^0.28 x Tin) – Tin / Nc
Actual temp rise = (1.82^0.28 x 300) – 300 / 0.74
Actual temp rise = 74.00 degrees Celsius 
Total compressor outlet temperature, 74 + 27 = 101 degrees Celsius


Application of an intercooler
Intercooler efficiency is defined as the ratio of the amount of heat removed by the intercooler against the amount of heat added by the turbo. In this instance the brief states that the intercooler to be fitted is 60% efficient. (Bell, n.d.) 
The following maths is taken from reference (Bell, n.d.)
The equation for intercooler efficiency is,
Ni = Tco – Tio / Tco – Ta
Where, 
Ni = intercooler efficiency
Tco = turbo compressor outlet temperature
Ta = ambient air temperature. 
To use this calculation to find the outlet temperature of the intercooler with 60% efficiency it needs to be re-arranged as follows,
From Ni = Tco – Tio / Tco – Ta
To Tio = Tco –Ni(Tco-Ta)
At maximum turbo efficiency a 60% efficient intercooler would perform as follows,
Tio = Tco –Ni(Tco-Ta)
Tio = 95.46 – 0.60(95.46 - 27)
Tio = 54.39 degrees Celsius
This means that the intercooler would lower the charge temperature by 41.07 degrees Celsius.
At maximum turbo load a 60% efficient intercooler would perform as follows,
Tio = Tco –Ni(Tco-Ta)
Tio = 101 – 0.60(101 - 27)
Tio = 56.6 degrees Celsius
This means that the intercooler would lower the charge temperature by 44.4 degrees Celsius.
Manipulation of calculations
The above calculations can be reversed, adapted and combined with other basic maths in order to determine all the desired data that will be required. It may come to light other calculations are needed or other data becomes desired. Additional research will always be possible.
[bookmark: _Toc498943663]Item 4
UK Governments guidelines and information on what defines the drive cycles currently associated with UK emissions law. (Gov UK, 2017)
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.
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When porting cast iron, use the
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Keep the carbide/stone moving at all
fimes. Leaving it too long in any one
place will create a hollow that will have
10 be removed. If you're not careful
wou could end up chasing hollows all
pund the port and finish up with a

Porting a cylinder head.

mess: moderate pressure on the stone
is all that's needed - and keeping it
moving. Stop frequently to check
progress by running a finger around
the port. With a little practice the
bumps, hollows and general

Port terminology. A - manifold face; B -
port; C - guide boss; D - short side turn; E
- throat; F - long side turn; G - seat; H -
waterways.

imperfections will become apparent.
The tricky bit is removing/smoothing/

blending these without creating further

problems for yourself. Work carefully
and check frequently! To begin with,

A few of the tools used during head
modification work.

it’s best to err on the conservative
side, by just refining the existing port
contours. Aim to remove any obvious
imperfections and get a smooth port
that is round or rectangular with nice
square flat walls, without removing too
much metal

To get the internal dimensions
similar for all the ports in the head, a
pair of internal calipers is a great help.
The ability to judge by feel and sight
comes with experience

To demonstrate how to modify
the ports of a cylinder head, we cross-
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SERIES

Photo 4 (see text)

aterial removal can be checked by
Photo 2 (see text) ring the depth of the remaining
ide hole (see photo 4). By noting
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the curvature of that section
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Photo 5 (see text)
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Photo 2 (see text)

Photo 3 (see text)

sectioned a typical round port cast iron
head with integral valve guides - see
photo (1). The aim in this example is
to remove any obstructions to airflow
and slightly enlarge the port

Removing the guide boss
Using an oval carbide burr (see photo
2) the guide boss is ground away to
achieve the shape shown (see photo
3). Work carefully and check
frequently, both visually and by touch
with your fingers. The extent of
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Fhoto 4 (see text)

material removal can be checked by
measuring the depth of the remaining
guide hole (see photo 4). By noting
the dimensions of the guide “front and
back” the curvature of that section can
be duplicated in the other ports.

Port modification with the
carbide

The port is rough ground using a
flame-shaped carbide burr (see photo
5). The amount of material removed
during opening up of the port is
checked with the internal calipers (see
photo 6). Once you are satisfied with
the shape, the dimensions (height and
width) at various points within the port
length can be noted and the work
duplicated in the remaining ports
Scribing lines on the calipers at regular
intervals along their length will enable
them to be positioned at the same
depth in each port.

Stoning the port and guide
boss area
Using a large, round ball mounted

Photo 6 (see text)

Photo 7 (see text)

point, the port is smoothed to rememe
any remaining inclusions and masks.
left by the carbide work (see photaie
This is continued from the valve el
of the port to smooth the area anoum
the guide boss (see photo 8). The
result (see photo 9) is smooth and
fairly regular.

Fan grinding port and boss
area
The port and guide boss need to be:
fine finished with a flap wheel (fan:
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MODIFICATION WORK

Photo 9 (see text) Photo 12 (see text)
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Photo 9 (see text)

Photo 10 (see text)

grinder) to check for any flaws in the
stoning process - the fairly polished
finish achieved tends to highlight most

remaining ripples, bumps and dips
(see photos 10 & 11). These are seen
more easily and become more
apparent when investigating the port
with your fingers. The finished port
and guide boss area is shown in photo
12.

Flapping the port and boss
area
The fan ground surfaces are too highly

Photo 12 (see text)

Photo 13 (see text)

polished to ensure the air/fuel mix
remains homogenous, and there are
surface differences where the port has
been ground from both ends. This is
addressed by flapping the port and
guide boss area with emery cloth on a
split rod (see photo 13). The finished
port is shown in photo 14. The less
polished but more uniform finish can
be compared to the fan grinder finish
seen in photo 12.

Carbiding the valve throat
Having cut the valve seat, the valve

Photo 15 (see text)

Photo 16 (see text)

throat can be opened up to the
required dimensions and blended into
the guide boss area. The first stage is
to use an oval carbide burr (photo 15).
The carbiding joins the finished guide
boss and port regions as shown in
photo 16.

Stoning the valve throat
The throat is smoothed to remove any
inclusions and irregularities from the
carbide burr using a suitably shaped
mounted point (photos 17 & 18)

e t———————————————————————————————————————————————
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Overall the T88 compressor is certainly the best choice of the four for the engine.
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As can be seen from image 6 this image
shows a good fit of the Ib/min flow line.
The flow is always within the surge limit
and therefore this turbo will operate
safely. The efficiency is 80% through the
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76% at full flow. This are very good
figures and are well above the minimum
efficiency of 60%.
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