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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 is a timely piece of research to explore and demonstrate how turbocharging improves engine airflow and how turbocharging can be used to downsize larger capacity engines. 
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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 that date, so 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. (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 several 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 is affecting the health of the nation, especially in our grid locked inner cities with 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 their time and their popularity has snowballed ever since (Macinnes, 1976). Reliability issues back then, especially before the introduction of fuel injection, this caused other manufacturers 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. 
The aims and objectives 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: _Toc511997011]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: _Toc511997012]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: _Toc511997013]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)
[bookmark: _Toc511997014]2.3	VOLUMETRIC EFFICIENCY

There are many restrictions to the flow of air into the cylinder such 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. (Burgess and Gollan, 2010) See appendix item 2, for more information on intake flow restrictions. 
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. (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. (Burgess and Gollan, 2010)
Turbochargers work by forcing more air into the cylinder, this increases the volumetric efficiency. (Macinnes, 1976)
[bookmark: _Toc511997015]2.4	VOLUMETRIC EFFICIENCY AND DOWNSIZING

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.
A good example of this is a Honda F20, 2.0 litre, naturally aspirated SOHC (single overhead cam) engine, this produces 135 bhp in the 1997 model Honda Prelude. In comparison a Ford Ecoboost 1.0 litre, turbocharged, DOHC (Dual overhead cam) engine produces 140 bhp (black edition engine), this is in a 2010 model Ford Fiesta. Half the capacity and one less cylinder, but with power and torque figures that exceed the older engine design, which was by all standards a well-designed engine from the time. This has been achieved predominately by using the turbocharger system. 
[bookmark: _Toc511997016]2.5	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)
To aid with this explanation an engine operating within a fuel efficiency graph is provided below in Fig. 2.2
[image: ]
[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: _Toc511997017]2.6	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.  
In the following sections of this paper this will be shown to be true without reasonable doubt, and the research, analysis and comments will confirm the above statement. 
[bookmark: _Toc511997018]2.7	FOUR STROKE OTTO CYCLE BASICS

The Otto cycle is known commonly today as the four-stroke cycle, it is the principle of almost all road going vehicles except for two strokes and Wankel engine which are both rare to come across. The basics of how the Otto cycle works are shown below, taking the camshaft as a complete unrealistic basic open close system. (Macinnes, 1976)
Looking at a four stroke Otto cycle the valve opening order can be seen in basic form.






[image: ]
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Fig. 2.3 – Four stroke engine operating cycle (Macinnes, 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. 
(Taylor, 1960)
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. (Taylor 1960)
[bookmark: _Toc511997019]2.8	LESS BENEFICIAL METHODS OF IMPROVING VOLUMETRIC EFFICIENCY

In this section, methods other than turbocharging will be reviewed as ways of improving volumetric efficiency. This section is intended to provide the reasons as to why these methods are not as viable as turbocharging. 
High lift camshafts and porting have been selected from the list of many potential cylinder head modification that can be made to an engine. These are both commonly used methods of increasing VE (Burgess and Gollan, 2010), the reason for not looking into more methods is that the focus of this paper is turbocharging. The drawbacks of all cylinder head modification methods are all similar, it would be beyond the scope of this research to compare them all to turbocharging, and just assessing two prominent methods and comparing them is enough to confirm that turbocharging is superior. (Bell, 1997)
The intention of this section is not to go into depth of other methods of improving VE, but provide the relevant insight to demonstrate the superiority of turbocharging.
[bookmark: _Toc511997020]2.8.1	High lift camshafts

In short, camshafts must control the timing of the opening and closing of the valves to fill the cylinder with a fresh mixture prior to combustion and empty the cylinder afterwards. This is a straight forward 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)
There are several 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)
Referring to Fig. 2.3 the basic camshaft described in section 2.8 that explained Fig. 2.3 can now be expanded on the explain the benefits of modified cam shafts.
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 definitely a strong consideration in improving VE.  (Burgess and Gollan, 2010)


[bookmark: _Toc511997021]2.8.2	Porting

Porting is a skilled art, requiring delicate hand work and an experienced eye. See appendix item 1 “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 Fig. 2.4 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 too 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 and Gollan, 2010)
[image: ]
Fig. 2.4 – Cross section of cylinder head port with labelled port (Burgess and Gollan, 2010)


[bookmark: _Toc511997022]2.8.3	Drawbacks to cylinder head modification compared with forced induction

Note in this section2.8.3 that this paper is not comparing directly with turbocharging, but rather forced induction. This is because turbocharging is not the only method of introducing boost into a system and increase input P of the Power = P x L x A x N equation. Supercharging, electronic boost methods, etc., are all way of increasing inlet pressure. Why turbocharging is the best method of forced induction will be discussed in Section 2.9.4. (Bell, 1997)
Having looked at two methods of cylinder head modification, it is now time to review why these methods are not as viable as forced induction. 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)
Improvements would then need to be seen in the exhaust system, intake system, butterfly valve design, valve size, combustion chamber shape and so on 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)
Considering that the entire head design needs to be re-evaluated with each change made, cylinder 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, 1997)
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)
Even going back to the basics introduced in section2.1, the turbocharger allows for softer cylinder head design which gives that smooth driveability from the get go along with the torque increase across the rev range, a forced induction engine makes for a far better choice than aiming for power through time consuming, expensive and driveability degrading cylinder head modification methods. (Bell, 1997)
[bookmark: _Toc511997023] 2.9	METHODS OF FORCED INDUCTION

There are several methods of forced induction; however, most are experimental or uncommon. The two common methods are supercharging, which pre-dates turbocharging and turbocharging itself. (Macinnes, 1976)
In this section the basics will be covered, and the two main methods will be reviewed, and it will be explained why turbocharging is the better choice of forced induction. (Bell, 1997)
[bookmark: _Toc511997024]2.9.1	Forced induction basics

[image: ]
[bookmark: _Hlk511896595]Fig.2.5 – Engine with compressor (Macinnes, 1976)
Fig.2.5 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. (Macinnes, 1976)
Pressure that is created by the expansion of gasses from the combustion of the air/fuel mixture within the cylinder applies a force to the top of the piston. This pressure is equal to the area of the bore times the chamber pressure. Therefore, by this logic more air/fuel in the cylinder means more pressure created by the expanding gasses and more power. (Bell, 1997)


[image: ]
[bookmark: _Hlk511896661]Fig. 2.6 – This graph represents torque input to the crankshaft versus crank angle at approximately two bar of pressure compares with atmospheric. (Bell, 1997)

With the turbo engine in Fig. 2.6, the maximum pressure occurs at about 20 degrees after top dead centre, yet at this point only around 20% of the fuel/air mixture will have burned. This means that even at high boost pressures, the small amount burned will not result in large maximum or peak pressure changed over the atmospheric engine. As the burn nears completion however, the density can raise the pressure there to fourfold at crank angles near 90 degrees, such that torque input to the crank at that position can be twice as great. (Bell, 1997)
What this comes down to is that even with the high boost pressure over atmospheric, the power load faced by the engine does not increase significantly. At around twice the volume of mixture in the cylinder the peak pressure is only up around 20%. (Bell, 1997)
This gives the potential to double the engines torque and with that power output, without putting large extra strains on the engine. What ends up being the case is that the average pressure during the cylinders power stroke increase largely, while the peak pressure only increases by a small amount. It’s this large average pressure increase over the stroke that allows for the huge torque gains without much more peak pressure. (Bell, 1997)
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[bookmark: _Hlk511896737]Fig. 2.7 - This image shows how at the crankshaft angle of 90 degrees the pressure on the piston is largely increased. (Bell, 1997)

By the pressure being so largely increased late in the cycle, forced induction only reduces overall engine life by around 10%. For example, if the engine would have lasted to 200,000 miles, it would make it to 180,000 miles with the exact same engine design. But as modern manufacturers develop their block designs to be specifically aimed towards turbocharging, and they manage the extra heat generated by the compression of the air more effectively, very little effect on engine lifespan is being noticed by the introduction of forced induction. (Bell, 1997)
[bookmark: _Toc511997025]2.9.2	Supercharging

There are two basic types of compressor; positive displacement and dynamic. Positive displacement types, Fig. 2.8, include 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 lobe 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 types 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 Fig. 2.9. 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)
[bookmark: _Toc511997026]2.9.3	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 Fig. 2.10. (Bell, 1997)
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[bookmark: _Hlk511896757]Fig. 2.8– Positive displacement compressors (Macinnes, 1976)
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[bookmark: _Hlk511896769]Fig. 2.9 – Centrifugal compressor (Macinnes, 1976)
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[bookmark: _Hlk511896789]Fig. 2.10 – Section through turbocharger showing flow of air and exhaust gas (Macinnes, 1976)

[bookmark: _Toc511997027]2.9.4	Concluding why turbocharging is the superior method of forced induction

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. (Bell, 1997)
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. (Bell, 1997)
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. (Macinnes, 1976)
The focus of this paper is 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. This backs up the original statement made in section 2.6.

[bookmark: _Toc511997028]2.10	TURBO FUNDAMENTALS

Whilst turbocharger units are simple in design, there is still a lot to discuss about their makeup. This section will discuss the fundamentals of their design in enough depth to give the required understanding for this paper. 
[bookmark: _Toc511997029]2.10.1	 Turbocharger design

The basic function of the turbocharger is essentially the same as the one designed by Alfred Buchi many years ago, although the mechanical design is simpler. The size for a given output is much smaller and despite the trend for higher prices for everything, the price of a turbocharger per horsepower increases much less now than it was 20 years ago.
Until 1952 most turbochargers used ball or roller bearings and an independent oil system including a built-in pump. In addition, they were almost all water-cooled. Today’s units use floating-sleeve bearings lubricated by the engines oil and pump, they are cooled most commonly just by the oil itself but do still have the option for water cooling. Turbocharger design varies from one manufacturer to another but, are basically similar. See Fig.2.11 for a cross section through a turbocharger. There are seals between the bearings and the compressor and between the bearing and the turbine. This prevents high pressure gases from leaking into the oil drainage area of the bearing housing and eventually into the crankcase of the engine. Seals are much better known for keeping oil from leaking into the compressor housing. How well they do this job often depends upon the installation. (Bell, 1997)(Macinnes, 1976)
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[bookmark: _Hlk511896839]
Fig. 2.11 – Cross section of Schwitzer 3LD turbocharger. (Macinnes, 1976)


[bookmark: _Toc511997030]2.10.2	 Compressor design

The centrifugal compressor consists of three elements which must be matched to each other for optimum efficiency; the impeller, the diffuser and the housing. The compressor impellor rotates at very high speeds and accelerated the gas passing through it to a high velocity by centrifugal force. The diffuser acts as a nozzle in reverse, slowing the gas down without turbulence. This causes it to increase in pressure and, unfortunately, in temperature. The housing around the diffuser is used to collect this high-pressure has and direct it to wherever it is used. In some cases, the housing itself is also a diffuser. Over the years the design of compressor impellers has varied considerably due to ‘the state of the art’ in the thermodynamic design of compressors and in manufacturing techniques. Fig.2.12 shows a simple straight bladed impeller with no curved inducer section. This shape is relatively easy to produce by die casting, permanent-mould casting, plaster casting or even milling. This very early design had low efficiency caused by shock losses at the inlet. However, Fig.2.13 shows a similar impeller, but with curved inducer bladed. The angle of curvature at the inlet of the inducer blades is designed so that the air entering the impeller will be at the same angle as the blade, thereby reducing inlet losses to a minimum. Early on in impeller design this type of wheel was rather expensive to cast but, day to day use of the lose wax casting and rubber pattern process have reduced costs substantially. (Macinnes, 1976)
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[bookmark: _Hlk511896881]Fig. 2.12 – Simple compressor design. (Macinnes, 1976)
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[bookmark: _Hlk511896928]Fig. 2.13 - Impeller with curved inducer blades. (Macinnes, 1976)
Computer aided design (CAD) leads the way with impellor design since the late 80’s, giving advanced design of radial flow backward swept impellers, the type you will see on today’s modern turbochargers, see Fig. 2.14. In this design the blade elements are not radial but curved backward from the direction of rotation. Wheels of this type produce very high compressor efficiency, but do not produce as high a pressure ratio for a given diameter and speed as the 90-degree radial wheels. Strength is inherently less than that of the 90-degree radial wheel because the centrifugal forces at high speed tends to bend the blades at their roots. (Macinnes, 1976)
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[bookmark: _Hlk511896960]Fig. 2.14 – Backward swept impeller. (Macinnes, 1976)
Three types of diffusers are normally used with centrifugal compressors and they may be used singly or in combination with each other. The simplest is the scroll type diffuser, Fig.2.15. It consists of a volute or snail shell shape around the outside of the impeller. In this design the cross-sectional area of the scroll increases in proportion to the amount of air coming from the impeller. When designed correctly, it slows down the gas and converts velocity energy into pressure energy. Fig.2.16 shows a parallel-wall diffuser which has an increase in area from the inside diameter of the diffuser to the outside diameter, proportional to these two diameters, see Fig.2.17. In other words, if R2 is twice as great as R1 then A2 is twice A1. Assuming the gas was flowing in a radial direction, the velocity at R2 would be half that at R1. The gas flows in a spiral rather than a purely radial direction but regardless of this, the gas velocity at the outer diameter of the diffuser is considerably less than that at the inner diameter. (Macinnes, 1976)
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[bookmark: _Hlk511897009]Fig. 2.15 – Scroll-type diffuser. (Macinnes, 1976)
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[bookmark: _Hlk511897032]Fig. 2.16 – Parallel wall diffuser.(Macinnes, 1976)
[image: ]
[bookmark: _Hlk511897064]Fig. 2.17 – Area increase of parallel wall diffuser. (Macinnes, 1976)
An example of vane type diffuser is shown in Fig.2.18; the canes are designed so the leading edge will be in line with the direction of gas flow from the impeller. From this point, vane curvature will force the gas to flow and be slowed down to favour a specific condition. (Macinnes, 1976)
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[bookmark: _Hlk511897085]Fig. 2.18 - Vane-type diffuser. (Macinnes, 1976)
Compressors with vane-type diffusers normally have very high peak efficiencies but frequently a narrower range than a vane-less diffuser. Most recent developments in vane-type diffusers have allowed for variable vane technology, this can adjust the vane angle depending on the boost level. (Macinnes, 1976)
Broadness of range is the number of different size engines on which a given compressor may be used. In each case the diffuser increases the static pressure of the gas in the compressor. (Macinnes, 1976)
The surface of the compressor impeller, the diffuser and housing are made as smooth as is economically practical. Any roughness of these surfaces may cause some of the gas to detach itself from the surface causing Eddy currents which reduce the overall efficiency of the compressor. (Macinnes, 1976)
[bookmark: _Toc511997031]2.10.3	Turbine design

The radial inflow turbine shown schematically in Fig.2.19 is used exclusively on passenger car applications mainly because it is economical to produce in small sizes as opposed to axial flow turbines. (Macinnes, 1976)
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[bookmark: _Hlk511897115]Fig. 2.19 - Radial inflow turbine. (Macinnes, 1976)
The flow of gas is directed at the best possible angle to the turbine wheel by a nozzle incorporating nozzle vanes. The distance between the trailing edge of the nozzle vanes and the turbine wheel is not as critical as for an axial-flow turbine because the gases will continue at approximately the same angle as directed by the nozzle vanes. This is due to a free vortex type flow caused by the nozzle vanes. (Macinnes, 1976)
By designing the turbine housing in a scroll or volute shape as shown in Fig. 2.20 only one nozzle vane is needed. This considerably reduces the cost of manufacturing a radial-inflow turbine although it is necessary to change turbine housings rather than nozzles when the turbine is used in different conditions. However, this is not an expensive operation since a small turbine housing does not cost anymore to manufacture than a small nozzle. (Bell, 1997)
The nozzle area of either an axial-flow turbine or a radial-flow turbine with multiple nozzle vanes is the cross section of a single nozzle opening multiplied by the number of nozzle vanes. In a turbocharger the larger the nozzle area the slower the turbocharger will run. (Bell, 1997)
When using a vane-less or single opening turbine housing the nozzle area ‘A’ shown in Fig.2.20 will not necessarily determine the amount of gas flow to the turbine. However, area A divided by R – the distance from the centre of the turbine wheel to the centroid of area A – will determine the flow of the gas for a given turbine wheel. If A is increased, the turbine will slow down. If a housing is used with a larger R as shown in Fig.2.21, A must be increased to retain the same A/R ratio. Not all turbocharger manufacturers use the A/R method of sizing turbine housings. (Bell, 1997)
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[bookmark: _Hlk511897153]Fig. 2.20 – Vane-less turbine housing. (Macinnes, 1976)
[image: ]
[bookmark: _Hlk511897171]Fig. 2.21 - Vane-less turbine housing with larger R. (Macinnes, 1976)
Some, for example, Schwitzer, use area A only and because of this, their turbine housing sizes are not comparable to those of companies such as Garret Air Research or BorgWarner. The ratio or area is usually cast or stamped into the turbine housing by the manufacturer. (Macinnes, 1976)
Turbine designers try to utilise the pulse energy of the exhaust gases coming from the individual cylinders to increase the boost pressure at very low speeds. The pulse energy is created by the high pressure and temperature which exists in the cylinder at the moment of the exhaust valve opening. This energy is utilised on large axial flow turbines by running a separate exhaust pipe from each cylinder to the turbine nozzle. (Bell, 1997)
For passenger car application, under bonnet space is often limited and does not allow for complicated exhaust manifolding to be used. Also, with a pulse energy system it is favourable to group engine cylinders together, preferably in threes or twos to optimise the effect of the exhaust pulses. This creates added complications in exhaust manifolding. Hence, with most passenger car engines a constant pressure system of turbocharging is used. All cylinders are linked to a common exhaust manifold so entry to the turbine may be assumed to be at a constant pressure. The constant admission of gas to the turbine will also alleviate the load on blading and bearings. Also, excitation of turbine blade vibration is practically nil.  (Macinnes, 1976)
To obtain more boost at low engine speeds the turbine housing may be divided into 180 degree increments as shown in Fig.2.22 this tends to give and improvement at very low engine speeds, but the gas does tend to reverse its flow due to centrifugal force when there is no high-pressure pulse in the housing. Another method of overcoming the low engine speed problem is to divide the turbine housing axially, Fig.2.23. This prevents gas pulses from reversing and is used on engines where high torque is required at low engine speed. (Bell, 1997)
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[bookmark: _Hlk511897196]Fig. 2.22 -180-degree divided turbine housing. (Macinnes, 1976)
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[bookmark: _Hlk511897212][bookmark: _GoBack]Fig. 2.23 - Turbine housing with axial division. (Macinnes, 1976)
[image: ]To use both turbine wheel and compressor impeller castings for more than one flow size turbocharger, different contours are machines on the wheels. Fig.2.24 shows three different contours on both turbine and compressor. Since the turbine is not as sensitive to flow changes as the compressor, it is common for a given turbocharger model to have many more compressor impeller variations than turbine wheel variations. A compressor map for a particular turbocharger will usually specify both blade tip height and the inducer diameter. (Macinnes, 1976)


[bookmark: _Hlk511897269]Fig. 2.24 – Contour relationship for different flows. (Macinnes, 1976)
In the past most, turbine housings were manufactured from ductile type Ni-Resist cast iron which contained between 20 to 30 percent nickel. However, the high cost of nickel has made it uneconomical to use this material for passenger car use. For many years turbine housings for this type of application were made from a cast iron, like that used in exhaust manifolds. This material worked fairly well but was replaced by ductile cast iron in the 1960’s when it became available at almost the same cost as grey cast iron. Today most turbo housings are still made from this material. (Macinnes, 1976)
[bookmark: _Toc511997032]2.10.4	 Bearing housing

The bearing housings used on all turbochargers are basically similar in that they consist of a bearing enclosed in a bore with an oil seal at each end. The bearing housing complete with compressor impeller and turbine wheel is usually referred to as the cartridge or cartridge assembly, a cross section is shown in Fig. 2.25. (Macinnes, 1976)
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[bookmark: _Hlk511897297]Fig. 2.25 – Cross section of cartridge assembly. (Macinnes, 1976)
Pressurised oil enters the oil inlet and flows over and through the bearings which are made from aluminium or phosphor bronze. The clearance between the bearing and the bearing housing, and the bearing and the journal is about the same. Oil flowing between the bearing housing tends to damp out vibration caused by imbalance in the turbine rotor. The hydrodynamic effects created by the oil, allows a certain amount of shaft float, as such contact between shaft, journal and the bearing is practically eliminated. (Macinnes, 1976)
The oil enters the thrust bearings where it is ducted to the two thrust surfaces to lubricate the bearings and thrust shoulders. (Macinnes, 1976)
After the oil has passed through the bearings it flows by gravity to the bottom of the bearing housing where it is carried by a hose to the crankcase. (Macinnes, 1976)
The oil feed to the bearing housing is taken from the engine oil gallery and enters the housing at about 30 to 50 psi. After it is mixed up with air in passing through the bearings it flows from the housing with no pressure and looks like dirty whipped cream. For this reason, the housing oil drain line is much larger in diameter than the inlet. (Macinnes, 1976)
When the turbocharger is operating on the engine, the gas pressure behind the turbine wheel and that behind the compressor impeller is much greater than the pressure inside the bearing housing. Seals must be placed between the bearing housing and the other two housings. This is relatively easy on the turbine end despite the higher temperature since pressure in the turbine housing is always positive. The main job is to keep the hot gasses out of the bearing housing. This is normally done by using a piston ring in a groove at the turbine end of the shaft, see Fig.2.26. The piston ring fits snugly in the bearing housing and does not rotate. Some turbochargers use a labyrinth type seal on the turbine end, see Fig.2.27. (Macinnes, 1976)
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[bookmark: _Hlk511897339]Fig. 2.26 – Detail of piston ring seal. (Macinnes, 1976)
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[bookmark: _Hlk511897371]Fig. 2.27 – Labyrinth type seal. (Macinnes, 1976)
The seal at the compressor end is a different problem. The pressure in the compressor housing may be positive when operating normally, or negative (i.e. vacuum) under certain conditions. For example, if the turbocharger is being used in a system where the butterfly valve is upstream of the compressor inlet, and the throttle is suddenly shut when the compressor is running at high speed, a total vacuum may be created within the compressor housing. This vacuum will tend to draw oil into the compressor from the bearing housing. For this type of application, the mechanical face sealing arrangement shown in Fig.2.29 is usually used. (Macinnes, 1976)
For applications where the butterfly valve is placed downstream of the compressor, the sealing system shown in Fig.2.28 is sufficient, although it was originally designed for use on diesel engines. This seal incorporates a piston ring and a small centrifugal pump. (Macinnes, 1976)
[image: ]
[bookmark: _Hlk511897399]Fig. 2.28 – Compressor side piston ring seal. (Macinnes, 1976)
[image: ]
[bookmark: _Hlk511897416]Fig. 2.29 – Mechanical face seal. (Macinnes, 1976)


[bookmark: _Toc511997033]2.10.5	Shaft vibration and bearing design

In the past there were serious issues with shaft vibration due to inadequate bearing design. An unstable condition commonly referred to as “critical speed” condition, could become so violent that if the rotor was observed on a test rig it would suddenly become a blur due to the violent excursion of the centre of the shaft. (Macinnes, 1976)
Thankfully, due to advances in the mid 1980’s, semi-floating bearing designs were produced. Here the bearing is prevented from rotating since it is the oil flowing around the outside of the bearing that creates the vibration damping effect not the rotation of the bearing. Rotation is prevented by pinning a flange onto the end of the bearing or matching the flange to an irregularly shaped pocket in the in the bearing housing or the oil seal plate, see Fig.2.30. The flange prevents the bearing from rotating and prevents it from moving axially. Oil which passes through the bearing, then passes between the shoulders on the shaft and the ends of the bearings, to lubricate the thrust bearings.  With bearing rotation eliminated, it is possible to operate these turbochargers with low oil pressure. This type of bearing works very well in an aluminium bearing housing, since it does not require a steel sleeve to be used in the housing bore. (Macinnes, 1976)
[image: ]
[bookmark: _Hlk511897438]Fig. 2.30 – Semi-floating bearing. (Macinnes, 1976)

[bookmark: _Toc511997034]2.11	TURBO THERMODYNAMICS

In this section, the essential thermodynamics that need to be discussed when analysing turbocharging will be covered in basic detail.



[bookmark: _Toc511997035]2.11.1	 The concept of turbocharging

The concept of turbocharging:
Let Qsv be the energy available per standard volume of fuel-airmixture under stoichiometric conditions. Allowing for an equivalence factor[image: ] less than unity the maximum available energy per standard volume (density[image: ]) of fuel-air mixture will be approximately [image: ]Qsv. (Thomas and Hunt, 1975)
[image: ]If the engine cylinder volume Vt at the commencement of the compression stroke[image: ] contains pure air of density,                       then maximum available energy of the fuel/air mixture after mixing will be;
[image: ]


If there are residual exhaust gases left in the cylinder, then the expression is modified
by the scavenge efficiency [image: ] to give;
[image: ]


 Power developed by the engine is given by
power = Pm x vs x N = [image: ]Emax N[image: ](b)
Where Pm is the mean effective pressure, Vs is the swept volume and N the number of effective cycles per second (eqv. To equation power = P x L x A x N). Thermal efficiency [image: ] may be indicated or brake depending where the power measurement is taken. Combining equations (a) and (b) mean effective pressure is given by
[image: ]	

[image: ]On examination of this expression to increase the mean effective pressure and hence power, the trapped density must be increased. 
This can be achieved by turbocharging.
(Macinnes, 1976)(Benson and Whitehouse, 1979)(Taylor, 1960)
[bookmark: _Toc511997036]

2.11.2	 Analysis of a simple turbocharging system

[image: ]
Fig. 2.31 -Simple Turbocharger system
C, Compressor
T, Turbine
1, Intercooler
R, Receiver
The system is shown in Fig. 2.31- Atmospheric air enters the compressor C and is compressed from pressure P1 to P2 and temperature T1 to T2. The air is then cooled in the intercooler and passes to the engine, exhaust gases from the combustion chambers are collected in a receiver or exhaust manifold at a mean pressure P3 end temperature T3. The gases are then expelled by the turbine to a back pressure P4. The turbine wheel then drives the compressor impeller along their common shaft. (Macinnes, 1976)
The thermodynamic analysis uses the first law of thermodynamics for the control systems enclosing the turbine and the compressor separately. Positive numbers are assumed for values of power. (Macinnes, 1976)
When the turbine work equals the compressor work allowing for mechanical losses, the system is in equilibrium. (Macinnes, 1976)   
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Letting the turbine work = [image: ]
And the compressor work = [image: ]
At equilibrium [image: ][image: ][image: ]
where [image: ] is the mechanical efficiency of the system, mechanical losses will be mainly attributed to losses in the bearing housing.
[image: ][image: ]compressor power 



Compressor efficiency is defined as;
 (
Isentropic temperature rise
Actual temperature rise
)	
	=

[image: ]
Where 

[image: ]
Then 


[image: ]Turbine power [image: ] is given by;


Where Cpg = Specific heat for exhaust gas.
Defining the isentropic temperature T4 due to expansion from P3 to P4 from temperature T3 as;
[image: ]


 (
Actual enthalpy drop
Isentropic enthalpy drop
)And the isentropic efficiency of the turbine as;
=          =

[image: ]
= 
[image: ]
Then
[image: ]
At equilibrium, when 

[image: ]
The term[image: ] is called the overall turbocharger efficiency[image: ]
[image: ]equating 







Gives;
[image: ]







(Macinnes, 1976)(Benson and Whitehouse, 1979)(Taylor, 1960)
From the above equation, it can be seen that by increasing the turbocharger efficiency[image: ]we will increase the pressure (P2/P1) i.e. the boost pressure ratio. Also, an increase in the exhaust gas temperature T3 gives rise to a greater expansion ratio across the turbine which, will result in a higher boost pressure ratio. For a particular engine the exhaust temperature is dependent on the brake thermal efficiency, the heat losses to the engine cooling water and to the surroundings. An increase in the brake thermal efficiency and a reduction in heat losses will give increased [image: ]exhaust temperatures. However, it is desirable to keep exhaust temperatures below a set value to avoid increased thermal loading (stress due to engine temperature) on engine components. Also, lower exhaust temperatures will reduce gaseous exhaust emissions such as NOx. Therefore, increasing exhaust temperatures to increase boost pressure is not advised. If the expansion ratio across the turbine is increased, then more work can be done and the boost pressure raised. Although, increasing the exhaust expansion ratio (P3/P4) to a level where it exceeds the boost pressure ratio, can create increased back pressure on the engine causing additional pumping work. Hence the exhaust expansion ratio should always be kept below a fixed limit. In the simple turbocharging system described, the pressure and the temperature in the receiver are assumed to be uniform and constant. In practice this is not the case. If the receiver is large, it may be possible for these conditions to exist, but it is more likely that the receiver will be small due to space restrictions. In this situation, both the pressures and temperatures in the receiver will fluctuate with time. Also, if the turbine nozzle area is small in comparison with the total exhaust valve area, then the [image: ]pressure in the receiver might reach high values and would fluctuate with the rate of exhaust valve opening. In these cases, it is possible to obtain more work from the turbine due to fluctuation of expansion ratio across the turbine which, on average, will be larger than that due to the mean pressure P3. (Macinnes, 1976)(Benson and Whitehouse, 1979)

[bookmark: _Toc511997037]2.12	TURBOCHARGING SYSTEM

In sections 2.9.2 and 2.9.3, the basic turbocharger unit itself was described and how it operates shown. The unit itself really is as simple as those sections show it to be, a turbine spun by exhaust gas and a compressor that moves the intake air. This was then elaborated upon in section 2.10, but still only going into more detail on a simple device.
But the application of a turbocharger to a spark ignition engine is far more complicated. The main aspect being the handling of the thermodynamic side of pressuring air, the first law of thermodynamics. (Bell, 1997)
In this section the application of a turbocharger will be explored.
[bookmark: _Toc511997038]2.12.1	 Turbo matching

The first step to finding the correct turbo for an engine is to determine how much will be flowing through the engine at its maximum engine speed in naturally aspirated form.
As an example, the following data will be used;
(Mondeo ST220)
Engine displacement: 183CID (3000cc)
Type: Four stroke Otto cycle
Max engine speed: 6500
Max boost pressure: 10 Psi
Ambient air temperature: 39 degrees Fahrenheit (530 Rankine)
Ambient pressure (barometer reading) 29 inHg.
Engine displacement is converted into cubic feet per revolution.
 (
0.106
 cubic feet
) (
183
1728
)	
                      =

 (
344.5 CFM
) (
6500 RPM  
2
) (
0.106
 cubic feet
)Ideal flow volume though the engine is calculated;
                                    X 		=      =

Engine speed is divided by 2 because this is a four-stroke cycle engine. This engine should have an intake of 344.5 CFM (cubic feet per minute) if the volumetric efficiency was 100%. However, because of restrictions through the ports in the cylinder head and residual gases left in the clearance space between the piston and cylinder head the engine will probably have an air flow of about 80% of its theoretical capacity, 0.8 x the theoretical flow. (Bell, 1997)
344.5 CFM x 0.8 = 275.6 CFM actual flow. 
Air entering the inlet manifold will not be at standard conditions of pressure and temperature, so it will be necessary to calculate the actual density to determine the air flow through the turbocharger compressor.  All compressors are rated on inlet flow so the outlet flow (engine flow) must be multiplied by the density ratio across the compressor to determine the inlet flow. (Bell, 1997)
Assuming a compressor efficiency of 65% for this example, the following must be done to calculate the density of the intake manifold air charge;
Calculating the intake manifold air temperature.
Assuming that the compression is a reversible adiabatic operation:
[image: ]
Where;
 T1 = inlet temperature in Rankine
T2 = Outlet temperature in Rankine
(Degrees Rankine is Fahrenheit + 460)
P1 = Inlet pressure absolute (ABS)
= barometric pressure
P2 = Outlet pressure ABS
= gauge pressure + barometer
[image: ]= isentropic index = 1.4 for air
Then t1 = 530 Rankine
P1 = 29 inhg on barometric meter = 14.3 psi absolute (use of conversion table or in this case 29 divided by 2.03, which Is the conversion value for inches of mercury to psi)
P2 = 10 + 14.3
= 24.4 psi absolute pressure
 (
(1.4 – 1)
(1.4
)
) (
(24.3)
   (p2)
(14.3)
  (P1)
)Theoretical outlet temperature T2 will be:
T2 = 530 (T1) x t                          to the ^ of
T2 = 530 (T1) x t                          to the ^ of
T2 = 530 x 1.163
T2 = 616 degrees Rankine
Ideal temperature rise[image: ]ideal = 616 – 530
 (
ideal
Comp. Eff
)[image: ]= 86 degrees Fahrenheit
 (
86
0.65
)Actual temperature rise, [image: ]actual =
actual =

· actual = 132 degrees
 Intake manifold temp. = compressor inlet temp + [image: ]actual
= 70 + 132
= 202 degrees Fahrenheit
Air in the intake will not in practice reach the temperature shown on the previous page due to heat losses.
Density ratio may now be calculated:
[image: ]
Density ratio =
 (
24.3
14.3
) (
530 Rankine
662 Rankine
)
=     	x 
Density ratio = 1.36
Compressor inlet flow = compressor outlet flow x density ratio
= 275.6 x 1.36
= 374.8 cfm
These calculations show 374.8 cfm flowing through the compressor at a pressure ratio of 1.7. This point could then be plotted on a compressor map for a particular model with the necessary flow capacity. Examples of using compressor maps will be provided within this paper. (Macinnes, 1976)(Bell, 1997)
Note:
 (
Atmospheric pressure + boost
Atmospheric pressure
)Pressure ratio (PR) is;
PR =
[bookmark: _Toc511997039]2.12.2	Intercooler calculations

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 example the intercooler to be fitted is 60% efficient. (Bell, 1997)
The following maths is taken from reference (Bell, 1997)
The equation for intercooler efficiency is,
Ni = Tco – Tio / Tco – Ta
Where, 
Ni = intercooler efficiency
Tco = turbo compressor outlet temperature
Tio = Intercooler 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)
Using the data generated in Section 2.12.1from the example of the Mondeo st220 engine with completed turbo matching calculations, the intercooler would perform as follows.
At a turbo efficiency a 65% efficient intercooler of 60% efficiency would perform as follows,
Tio = Tco –Ni(Tco-Ta)
Tio = 202 – 0.60(202 - 70)
Tio = 122.8 degrees Fahrenheit
This means that the intercooler would lower the charge temperature by 79.2 degrees Fahrenheit. The inlet charge going into the engines cylinder chambers would be 122.8degrees Fahrenheit as opposed to 202 degrees Fahrenheit. 
This means that with the introduction of the intercooler a new density ratio would need to be calculated. (Monteiro-Ferreira, 2016)(Bell 1997)
[image: ]Again;
Density ratio = 
 (
24.3
14.3
) (
530 Rankine
582 Rankine
)
=     		        x 
Density ratio = 1.55
Compressor inlet flow = compressor outlet flow x density ratio
= 275.6 cfm x 1.55
= 427 cfm
These calculations show 427 flowing through the compressor at a pressure ratio of 1.7. This shows how intercooling can increase the air density by lowering the inlet temperature charge. Just by adding a 60% efficient intercooler to the previous calculations the cfm developed increased from 374.8 cfm to 449.2 cfm. The cooler the air charge means a higher density ratio and allows the turbocharger setup to achieve closer to the theoretical pressure ratio. This relates directly to Fig. 2.32 and its explanation. (Macinnes, 1976)
[image: ]
Fig. 2.32 – Compressor density ratio vs. pressure ratio. (Bell, 1997)
It can be seen from Fig. 3.2, density ratio is degraded by temperature, and therefore, actual boosted flow is always less than that predicated by the pressure ratio. (Bell, 1997)



[bookmark: _Toc511997040]2.12.3	 Using compressor maps

To explain the use of compressor maps, and the calculations involved with correct intercooler sizing for a given turbo application, reference will be made to a previous paper written by Cameron Lamnea on the application of turbocharging systems. 
By example, this paper was used with the following specifications after turbo matching calculations had been performed on a given engine. 
Engine: 
Piston configuration: V8
VE: 85%
Max engine speed: 9500 RPM
Boost pressure: 12psi
Pressure ratio determined: 1.82
Turbo flow rate determined: 1177.16 cfm (81.22 lb/min)
The cfm or lb/min point calculated in the section above can now be plotted onto each of the compressor maps available (provided from the original documents task brief). 
Looking at the highest point showing maximum engine air flow, it can be seen if the compressor can produce 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 where 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, 1997)
Considering the lb/min rate is 81.22 at 9500 rpm, 50% of this would be required at half engine speed of 4750 rpm. Therefore, at 40.51 lb/min a pressure ratio of 1.82 is desired. On the map 20% of flow and a 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, 1997).
Drawn below is the lb/min rate against the pressure ratio on several compressor maps (Bell, 1997).
[image: ]














[bookmark: _Hlk511897999]Fig. 2.33 - This shows the turbo map of the 62-1 turbo.(Monteiro-Ferreira, 2016)
As can be seen from Fig.2.33 the turbo cannot cope with the maximum flow required by the engine. It is therefore not suitable.

[image: ]
[bookmark: _Hlk511898048]Fig. 2.34- This shows the Garret t3 super 60 turbo map.(Monteiro-Ferreira, 2016)
As can be seen from Fig. 2.34, the turbo cannot even sustain half of the required pressure. This turbo would not be suitable.
[image: ]











Fig. 2.35 - This shows the T04B H-3 turbo map. (Monteiro-Ferreira, 2016)
As can be seen from Fig.2.35, this turbo cannot deliver enough flow to satisfy the engines requirements and is therefore not suitable. 
[image: ]










Fig. 2.36 - This figure shows the T88 turbo map.(Monteiro-Ferreira, 2016)
As can be seen from Fig.2.36 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%. (Bell, 1997)
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 rpm. 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. (Bell, 1997)
Overall the T88 compressor is certainly the best choice of the four for the engine. 
3.0 [bookmark: _Toc511997041]ARE MANUFACTURERS SOLELY USING TURBOCHARGING TO DOWNSIZE

The purpose of this test is to conclude that Ford is depending on turbocharging to improve the VE of their engines. 
To do this, a comparison of the Sigma 1.6 cylinder head against the Ecoboost 1.6 cylinder head will be carried out using a flow bench. The reason comparing these two engines is that the design of the later Ecoboost engine originates from the Sigma 1.6 engine. This test intends to show that Ford have made no significant improvement to the rate of flow through the engine, other than the application of the turbocharger.
A Superflow 600 flow bench housed within the UWTSD workshop was utilized in an appropriate manner to record data on the flow of air through the two heads. Using an array of analytical methods, the data was then interoperated to give an understanding of how the air moves through the cylinder heads and how efficient they are in comparison with each other. The findings will be described in detail throughout this section of the report. 
[bookmark: _Toc511997042]3.1	INTRODUCTION TO FLOW BENCH TESTING

Using air movement data through the cylinder heads compared from the flow bench readings on a set on inlet and exhaust ports of each head, CFM (cubic feet / minute or air flow) Vs valve lift graphs were plotted. Using these graphs and the raw data sets obtained, further analysis of the cylinder head flow rate was then completed. The comparison from the graphs and raw data from the flow between the two heads provides a solid understanding of the differences in flow between the heads. (SuperFlow, 2017)
By using graphs, the raw flow data for each head can be expressed in a way that is easy to visualise. This will make it easier to draw clear conclusions on the difference in flow rates between the two cylinder heads. (Summerfield, 2017)
[bookmark: _Toc511997043]3.2	EXPECTATIONS

It is expected that there will not be any significant difference in cylinder head flow between the two heads that would allow for the 40-extra horsepower the Ecoboost develops with 600cc less displacement. It should be shown that Ford has put more dependency on turbocharging to improve VE than cylinder head improvements. (Bell, 1997)
[bookmark: _Toc511997044]3.3	EQUIPMENT

Within the UWTSD workshop is a Superflow sf600 flow bench system. The system uses two pressure manometers, an electric air pump and thermometer elements. 
A flow bench is used to take a reading of how the air flows through a piece of material. In this case a cylinder head valve port. The flow bench measures the volume or mass of air that passes through the cylinder head. The pressure differential is usually relative to the ambient air pressure and is often produced by some mechanical means. In this case, an electric motor turbine generates a large suction or blow of air. The motor generates a pressure difference that causes air to flow through the cylinder head and the entire flow bench system. At a point in the flow bench the air velocity is measured. In the case of the Superflow bench used in the UWTSD workshop, it is measured using two scales that operate based of the air pressure. A manometer with red fluid to measure the test pressure and a manometer with blue fluid to measure the mass of air passing through the test piece. (SuperFlow, 2017)
[image: Image result for superflow sf-300]
[bookmark: _Hlk511898189]Fig. 3.1 – This image shows a Superflow SF-600 flow bench. (Racedevelopments.co.uk, 2017)
[bookmark: _Hlk511901123][image: https://upload.wikimedia.org/wikipedia/commons/4/4b/Flow_bench_schematic.GIF]
Fig. 3.2 – This image shows how a flow bench works. (Flowperformance.com, 2017)
The first plenum is the test plenum. The flow control valve on the machine controls the flow control plunger which allows the user to manually control airflow through the test piece. This gives a reading on the first manometer which is the test pressure. The second plenum is the metering plenum. The flow in here is recorded by the second manometer which gives a reading of the flow through the test piece. (SuperFlow, 2017)
The range dial on the machine controls the flow created by the air pump, it is important to set the range correctly. This is done by monitoring the second (blue) manometer closely as the flow control valve is opened, to high of a range means to much flow, more than will pass the test piece. This can cause issues with the manometer and even damage it. (SuperFlow, 2017)
The cylinder will be sealed over the top plate of the Superflow bench and sealed into place. This will allow for the airflow through the valves as they are opened to be monitored.(SuperFlow, 2017)
[bookmark: _Toc511997045]3.4	METHODOLOGY

[bookmark: _Toc511997046]3.4.1	Health and safety

Before beginning the flow bench exercise, along with any other workshop task, safety observations must be made. The following must be considered and correct practice decided upon in application specifically to the flow bench.
Throughout all time spent in the UWTSD electronic testing workshop, the following safe working practises need to be considered/adopted,
· Wearing of correct PPE at all times. Correct PPE included the following items worn when at correct and appropriate times as required steel toe cap safety boots, dust coat, ear plugs, non-conductive gloves, barrier cream, goggles and a dust mask.
· Being aware of slips, trips and falls. A personal risk assessment must be carried out upon entering the workshop to identify any risk of slips, trips or falls such as cables, wet/slippery surfaces, sudden drops, oil spills, etc. 
· Reading the workshop risk assessment prior to entering. The workshop technician completes a workshop risk assessment as required by health and safety law, a copy of this was read before entering the workshop. Risk assessment identifies hazards such as machines that require guards, any dangerous materials or gas bottles etc and dangerous items/equipment within the workshop. By reading the risk assessment personal steps can be taken to avoid the hazards causing issue.
Once safety has been ensured the test can proceed.
[bookmark: _Toc511997047]3.4.2	Requirement

The two cylinder heads under investigation are the Sigma 1.6 cylinder head and the Ecoboost 1.0 cylinder head. Both heads are 4 valves per cylinder. One set of inlet valves and one set of exhaust valve from each cylinder head is to be flow tested.
The following will be repeated four times for the two valves from each head. 
[bookmark: _Toc511997048]3.4.3	Practice

· Cylinder head mounted to the flow bench
· Flow tube used to isolate once cylinder from the head (one set of inlet/exhaust valves)
· A custom plate, with two bolts that locate over each of the valves to be tested will be clamped in place on top of the cylinder head. These bolts can be turned to open the valves. 
· Two DTI gauges will be put into place over each bolt to measure valve opening.
· Blue tack will be used to seal around the flow bench flow tube and cylinder head, this is to attempt to eliminate any flow leakage.
· With the range set to 1 the machine will be operated and the blue scale monitored to check for any air leaks.
· Attempts will be made to rectify any identified leakage, if it cannot be prevented the amount of leak will be noted and deducted from future readings.
· The valves will be opened at intervals of 1mm at a time until a pre-determined limit is met.
· The test will be conducted at a test pressure of 25 (on the first manometer, red scale) 
· At each test interval the blue scale reading as well as the flow range will be recorded.
· The entire process will then be repeated to ensure accuracy and detect anomalies. 
(SuperFlow, 2017)(Summerfield, 2017)
[image: Image result for flow bench uwtsd]
[bookmark: _Hlk511901173]Fig. 3.3 – This shows how the DTI gauges were mounted and the metal block clamped/bolted over the valves. 
[bookmark: _Toc511997049]3.5	ANALYSIS

During this section of the report, the raw test data will be analysed.
Using Microsoft Excel, the results were entered in excel tables. The reason for this was exclusively for ease of practise as excel has a good mathematical calculation function. 
Using excel and calculations obtained from (Summerfield, 2017) the following analyses was carried out on each of the table sets of data gathered to generate the following,
· Valve lift
Using the equation: effective valve area * ratio of vale lift to valve diameter (L/D), I calculated the valve lift from L/D ranging from 0.05 to 0.4. 
· Flow scale %
The flow scale was recorded as a percentage from the flowbench. We divided by 100 to calculate the flow scale as a decimal value for use in further calculations.
· Raw test flow (l/s)
This was calculated by multiplying the actual flow scale in decimal form by intake and exhaust calibration values provided on a chart at the side of the flow bench machine. It was important to remember to consider the correct range that matched the range the flowscale reading was recorded at.
[image: C:\Users\NigerianMan\Downloads\16491391_1555488674464503_1871909528_o.jpg]




















[bookmark: _Hlk511901239]Fig. 3.4 - This image shows the calibration card referred to above. 

· Test CFM
The test CFM was calculated by taking away our leaking value from the raw test flow CFM. In our case the machine was configured correctly, and the leakage value was 0 so did not affect the data. 
· Conversion from litres per second (l/s) to CFM
(SuperFlow, 2017)(Summerfield, 2017)
The raw test flow cfm needed to be converted from l/s to CFM. The equation for this is l/s * 2.12. This was carried out and the correct value entered into the table. (Bell, 1997)
[bookmark: _Toc511997050]3.5.1	Graphs

Please note with the following graphs the X axis is valve lift. Its values are as follows;
· 1 – 0.5mm lift
· 2 – 1mm lift
· 3 – 1.5mm lift
· 4 – 2mm lift
· 5 – 2.5mm lift
· 6 – 3mm lift
· 7 -  4mm lift
· 8 – 5mm lift
· 9 – 6mm lift
· 10 – 7mm lift
· 11 – 8mm lift
· 12 – 9mm lift

[bookmark: _Hlk511901263]Fig. 3.5 - Sigma 1.6 intake valves, reading 1

[bookmark: _Hlk511901296]Fig. 3.6 - Sigma 1.6 intake valves, reading 2

Fig. 3.7 - Ecoboost 1.6 intake valves, reading 1

Fig. 3.8 -Ecoboost 1.6 intake valves, reading 2

Fig. 3.9 - Sigma 1.6 exhaust valves, reading 1

 Fig. 3.10 - Sigma 1.6 exhaust valves, reading 2

 Fig. 3.11 - Ecoboost 1.6 exhaust valves, reading 1

Fig. 3.12 - Ecoboost 1.6 exhaust valves, reading 2
[bookmark: _Toc511997051]3.6	CONCLUSION ON THE ACCURACY OF THE TESTING

The test was repeated twice for each set of valves, this proved important as anomalies were shown clearly on several of the graphs. Many things may have caused these anomalies such as human error, heat changes in the ambient air temperature and the air through the test piece over the course of the various sessions. 
However, by repeating each test twice, for the simple question that is being answered the data obtained is more than accurate enough. 
In future, a third test would be recommended just to make further verification, however it is not a necessity as two tests have proven accurate enough.
[bookmark: _Toc511997052]3.7	CONCLUSION TO THE QUESTION “HAVE 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.
4.0 [bookmark: _Toc511997053]INVESTIGATION OF EXISTING TURBOCHARGING SYSTEMS

This section will analyse turbocharger systems currently employed by vehicle manufacturers to understand their proven methods. This will allow for the creation of a tool made using Microsoft Excel that can calculate your engines requirements and suggest a turbocharger setup, by using information obtained from existing setups the tool can be made to a higher accuracy
The ambient air temperature is unknown at point of tuning for manufacturer setups, so 70 Degrees F (Fahrenheit) will be assumed, and this will be done for every setup considered. Most modern ECU’s adjust their maps based on intake air temperature readings, so it will not make a negative difference to the analysis.
Barometer reading will be taken as 29 inHg, this reflects around 800 feet above sea level, again this is because the condition the manufacturers tune under is unknown and therefore a reasonable assumption has been made. This will also be consistent for each setup considered. 
[bookmark: _Toc511997054]4.1	TURBO CALCULATOR

A turbo calculator has been produced to perform all the required turbo matching calculations to analyse each setup with ease. It may be used on some engine setups to make their analysis simpler.
[image: ]
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Fig. 4.1 - Turbo calculator, red values are inputs and blue values are calculated outputs.
The equations used in the above turbo calculator are as follows;
· Column B10 =(B4/1728)*(B5/2)
· Column B15 =B10*(B13/100)
· Column B16 =B8/2.03
· Column B17 =(B16+B6)/B16
· Column B18 =B15*B17
· Column B19 =B7+460
· Column B20 =B19*B17^(0.4/1.4)
· Column B21 =B20-B19
· Column B27 =B21/(B24/100)
· Column B28 =B27+B7
· Column B29 =B28-(B25/100)*(B28-B7)
· Column B30 =(B7+460)/(B29+460)*B17
· Column B31 =B17-B30
· Column B32 =B15*B30
[bookmark: _Toc511997055]4.2	FORD ECOBOOST 1.6 LITRE

The Ford Ecoboost 1.6 litre engine has the following specifications
Engine type: 4-cylinder, four stroke cycle
Engine capacity: 97.6 CID (1600 cc)
Boost pressure: 14psi
Ambient air temp: 70 Degrees F 
Ambient pressure: 29 inHg
Engine format: Turbocharged
Intercooler efficiency: Not available assumed 65% based on educated guess.
Compressor: Borg Warner KP39 EFR series
[image: ]
[bookmark: _Hlk511902119]Fig. 4.2 – Borg Warner KP39 compressor map. (BW EFR Turbocharger Technical Training Guide, 2017)
Considering the calculations from Fig.4.3 prior to the entry of the compressor efficiency the desired pressure ratio for the setup is 1.98 giving a theoretical boosted flow of 290 cfm. 
Plotting this on the compressor map for the Borg Warner 62mm (OD) exducer will give an estimate to the efficiency the turbo is operating at. 
(Note: cfm to kg/s is, (cfm x .0283 cubic meters) *1.18 density of air at 70 degrees F in kg/m^3 * 60 to get from kg/min to kg/s, equates to cfm*0.00055) (Kim, Ryu and Lee 2014)
Compressor efficiency can now be taken from the graph; it will be taken at peak flow. 
Compressor efficiency: 74%
[image: ]
[image: ]
[bookmark: _Hlk511902136]Fig. 4.3 – Turbo calculation analysis for Ford Ecoboost 1.6 litre engine.
From Ford setup with this engine we learn the following;
Temp rise before intercooler: 154 degrees F
Intake temp before intercooler: 224 degrees F
Intake temp after intercooler: 124 degrees F
Pressure ratio: 1.98
Density ratio: 1.79
Difference between pressure and density ratio: 0.18
Flow though engine with turbocharger: 280 cfm
In conclusion Fords application is well designed; a very efficient compressor was well matched to the engine. The power achievement from this engine is 180 BHP from a 1600cc unit, with proven reliability. 


[bookmark: _Toc511997056]4.3	FORD ECOBOOST 2.3 LITRE

The Ford Ecoboost 2.3 litre engine has the following specifications
Engine type: 4-cylinder, four stroke cycle
Engine capacity: 138 CID (2300 cc)
Boost pressure: 18psi
Ambient air temp: 70 Degrees F 
Ambient pressure: 29 inHg
Engine format: Turbocharged
Intercooler efficiency: Not available assumed 65% based on educated guess.
Compressor: Honeywell Garret twin scroll GT series
[image: ]
Fig. 4.4 – Honeywell Garret 2.3 Mustang compressor map. (Turbo By Garret, 2018)
Considering the calculations from Fig.4.5prior to the entry of the compressor efficiency the desired pressure ratio for the setup is 2.26 giving a theoretical boosted flow of 498 cfm. 
Plotting this on the compressor map for the Honeywell Garret exducer will give an estimate to the efficiency the turbo is operating at. 
(Note: cfm to lbs/min is roughly cfm x 0.069) (Kim, Ryu and Lee, 2014)
Compressor efficiency can now be taken from the graph; it will be taken at peak flow. 
Compressor efficiency: 78%
[image: ]
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Fig. 4.5 – Turbo calculation analysis for Ford Ecoboost 2.3 litre engine.
From Ford setup with this engine we learn the following;
Temp rise before intercooler: 178 degrees F
Intake temp before intercooler: 248 degrees F
Intake temp after intercooler: 132 degrees F
Pressure ratio: 2.26
Density ratio: 2.02
Difference between pressure and density ratio: 0.238
Flow though engine with turbocharger: 446 cfm
In conclusion Fords application is well designed; a very efficient compressor was well matched to the engine. The power achievement from this engine is 317 BHP from a 2300cc unit, with proven reliability.


[bookmark: _Toc511997057]4.4	AUDI 1.8 LITRE ENGINE (BAM CODE)

The Audi 1.8 litre engine has the following specifications
Engine type: 4-cylinder, four stroke cycle
Engine capacity: 109.84 CID (1800 cc)
Boost pressure: 14.5psi
Ambient air temp: 70 Degrees F 
Ambient pressure: 29 inHg
Engine format: Turbocharged
Intercooler efficiency: 80% (duel side mount intercoolers)
Compressor: Borg Warner (Previously KKK) K04-20 series
[image: ]
Fig. 4.6 – Borg Warner (KKK) K04-20 compressor map. (BW Turbocharger Catalog, 2012)
Considering the calculations from Fig.4.6prior to the entry of the compressor efficiency the desired pressure ratio for the setup is 2.015 giving a theoretical boosted flow of 348.39 cfm. 
Plotting this on the compressor map for the K04-20 exducer will give an estimate to the efficiency the turbo is operating at. 
(Note: cfm to kg/s is, (cfm x 0.00047) (Kim, Ryu and Lee, 2014)
Compressor efficiency can now be taken from the graph; it will be taken at peak flow. 
Compressor efficiency: 60%
[image: ]
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Fig. 4.7 – Turbo calculation analysis for the Audi 1.8 litre engine.

From Ford setup with this engine we learn the following;
Temp rise before intercooler: 195 degrees F
Intake temp before intercooler: 265 degrees F
Intake temp after intercooler: 109 degrees F
Pressure ratio: 2.015
Density ratio: 1.87
Difference between pressure and density ratio: 0.138
Flow though engine with turbocharger: 324 cfm

In conclusion Audi’s application is designed very differently to the ford designs, the turbo is efficient at the point the car makes it peak power (5800 rpm) but at the vehicle peak flow its efficiency is low only 60%, to compensate they have added a very efficient intercooling system. The power achievement from this engine is 225 BHP from a 1800cc unit, with proven reliability. 


[bookmark: _Toc511997058]4.5	CONCLUSIONS

Information regarding manufacturer intercooling efficiencies is very limited/not available. Many aftermarket tuners such as, Pumaspeed and HKS who produce aftermarket turbo systems for many of the engine discussed above, find that to gain any real power the intercooler must be enlarged. Even when just increasing the boost of the standard turbo setup, standard intercooling flow restrictions and efficiencies seem to become a large issue.
Removing heat from the intake charge offers large merits, firstly as mentioned the density ratio is increased and lose pressure can be recovered to give more power. Secondly, and no less important, the lower intake charge reduces detonation. (Bell, 1997)
Street car intercooler efficiencies range from 60 to 75%, however with many of the setups above the estimated value has been set to just 65%, based on the theory that manufacturers are intentionally putting on the smallest intercoolers they can get away with and still create a powerful, efficient setup but with little room for tuning improvement beyond the designed power (Bell,1997). There are several reasons this is most likely the reason;
· A larger intercooler means a more delayed throttle response as all the internal volume of the intercooler must be pressurised before that amount of pressure will exist in the inlet manifold. The approximate throttle lag caused by the intercooler is time = (Volume/flowrate) x2. It is in the manufacturer’s interest to make the intercooler flow just enough to satisfy the needs of the turbo system but minimise any additional size beyond this. (Bell, 1997)
· Cost, it’s a simple fact that manufacturers producing cars on a mass scale want to keep costs down, a smaller intercooler unit designed to minimum flow requirements is within their interests, keeping costs down. 
· Packaging, with production cars the manufacturers tend to tuck away and hide the intercoolers, they want them to be as small in all general dimensioning as possible, they can then fit them into tighter spaces. Often with aftermarket kits, bumpers must be cut to allow for larger intercoolers to be fitted.
· The overall problem with designing an intercooler system lies in maximising the ability of the intercooler to remove heat from the system while not adversely affecting boost pressure from resistance the intercooler adds to the system, losing throttle response or contributing to any delay in boost rise. The believed theory here is that manufacturers aim for the exact level of required efficiency, in relation to the intake heat the engine can efficiently handle, as opposed to maximising it, while concentrating largely on the other factors. (Bell, 1997)
As aftermarket tuners are proving, the engines produced can make much larger power figures with increased boost and maximised intercooler efficiency to max, more towards the 75% efficiency end of the scale. 
Audi’s 1.8t BAM engine is an example of this, in its original state the engine produced 150bhp to bring this up to 225 bhp for the BAM version for the Audi TT performance version, they had to use much larger side mount intercoolers to increase the intercooler efficiency largely to keep intake temperatures down. 
Manufacturers are using highly efficient ranges of well-matched turbochargers, this minimises the head rise before intercooling, allowing for even smaller units. As well as this, by using only efficient ranges of the turbochargers they are ensuring a long turbo lifespan.
[bookmark: _Toc511997059]5.0	TURBO MATCHING TOOL

Using information learnt from the setups used by manufacturers existing systems in section 4.0,  the turbo calculator created in that section can now be adapted into a tool to help select a compressor and intercooler size for a given engine inputs. 
[bookmark: _Toc511997060]5.1	TURBOCHARGER MODEL SELECTION

In section 4.0 one of the turbo types researched were Borg Warner’s new line of low inertia turbo chargers, their EFR range. Referring to section 4.0, Fig. 4.2, the EFR series turbo chargers have great efficiencies across a huge range of pressure ratios, due to their variable vane technology they are also able to hold great efficiencies at both low and high air flows. They offer a range of compressor sizes from 62mm OD (50mm turbine) to 91mm (69mm turbine), this should allow for a suitable range of compressors to be chosen from within the turbo matcher. 
You will notice that with the Borg Warner turbo range, the minimum efficiency is on the choke like (an area to always be avoided), at that is 60%. All of the turbos useable efficiencies are above the general minimum of 60% and the turbos are by any standards high efficiently designed. (BW EFR Turbocharger Technical Training Guide, 2017)
[bookmark: _Toc511997061]5.2	INTERCOOLER SELECTION

Most aftermarket intercooling solutions will see 70% intercooler efficiency as the design of the cores tends to be highly efficient often with thinner core thickness (leading to larger frontal flow area) and more channels. (Bell, 1997). 
As opposed to suggesting which aftermarket intercooler to choose from, as accurate as possible internal flow rate of the intercooler will be suggested as a too low/too high flowing intercooler will leave for a poor system design. There are so many aftermarket brands to choose from, all offering very high efficiency rates for varying flow rates of intercoolers, that recommending a specific brand is unfavourable to suggesting the correct intercooler internal flow capability. (Bell, 1997)
[image: ]
Fig. 5.1 – This graph shows the required intercooler flow area (Sq in) for flow rate in cfm or bhp. (Bell, 1997)
The typical intercooler line in Fig. 5.1 will be used to obtain an internal flow area of the intercooler that should be used with the given application, aftermarket intercoolers should easily meet the assumed 70% efficiency based on the size provided by the graph used in this manner.
For example, looking at the blue line drawn on the graph in Fig. 5.1, for a flow rate of 400 cfm, an intercooler with an internal flow area of 21 sq in would be recommended. (Bell, 1997)












[bookmark: _Toc511997062]5.3	CREATING THE TURBO MATCHING TOOL

[bookmark: _Toc511997063]5.3.1	Selecting a range of turbochargers
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[bookmark: _Hlk511902952]Fig. 5.2 – Borg Warner EFR series turbo – 62mm compressor. (BW EFR Turbocharger Technical Training Guide, 2017)
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[bookmark: _Hlk511902965]Fig. 5.3 – Borg Warner EFR series turbo – 67mm compressor.(BW EFR Turbocharger Technical Training Guide, 2017)

[image: ]
[bookmark: _Hlk511902996]Fig. 5.4 – Borg Warner EFR series turbo – 70mm compressor.(BW EFR Turbocharger Technical Training Guide, 2017)
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[bookmark: _Hlk511903012]Fig. 5.5 – 62mm compressor flow range. (BW EFR Turbocharger Technical Training Guide, 2017)
The 62mm compressor should flow between 218 cfm and 581 cfm.
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Fig. 5.6 – 67mm compressor flow range. (BW EFR Turbocharger Technical Training Guide, 2017)
The 67mm compressor should flow between 290 cfm and 636 cfm.
[image: ]
Fig. 5.7 – 70mm compressor flow range. (BW EFR Turbocharger Technical Training Guide, 2017)
The 70mm compressor should flow between 363 cfm and 709 cfm.
Based on Fig. 5.5, Fig. 5.6 and Fig. 5.7 the following has been determined;
· The 62mm compressor will be recommended for flows from 220 to 330 cfm
· The 67mm compressor will be recommended for flows from 331 to 480 cfm
· The 70mm compressor will be recommended for flows from 481 cfm to 680 cfm
This covers a wide range of engines and allows the turbos to always provide satisfactory compressor efficiencies at peak theoretical cfm flows.
[bookmark: _Toc511997064]5.3.2	Selecting intercooler internal flow rates

Fig. 5.1’s typical intercooler liner will be put into a table in Microsoft Excel, a graph will then be created from the data recreating Fig. 5.1 on the turbo matching tool. Once the compressor has been selected, the user of the tool can use the chart to select the intercooler with the correct internal flow area (sq in).
[bookmark: _Toc511997065]5.4	TURBO MATCHING TOOL

The tool has been named “Turbo Calc 2.0!” As the Excel document is too large to display in a single figure, it will be split into two figures on following pages and all equations, along with the method of using the tool.


















[bookmark: _Hlk511903157]Fig. 5.8 – “Turbo Calc 2.0!” Part A.

[image: ]
[bookmark: _Hlk511903218]Fig. 5.9 – “Turbo Calc 2.0!” Part B
The following calculations are used in the turbo matching tool;
The equations used in the above turbo calculator are as follows;
· Column B10 =(B4/1728)*(B5/2)
· Column B15 =B10*(B13/100)
· Column B16 =B8/2.03
· Column B17 =(B16+B6)/B16
· Column B18 =B15*B17
· Column B19 =B7+460
· Column B20 =B19*B17^(0.4/1.4)
· Column B21 =B20-B19
· Column B28 =B21/(B25/100)
· Column B29 =B28+B7
· Column B30 =B29-(B27/100)*(B29-B7)
· Column B31 =(B7+460)/(B30+460)*B17
· Column B32 =B17-B31
· Column B33 =B15*B31
Using the tool is as follows;
The matching tool is split into four steps, the user simply needs to follow the four steps and input any required data, for ease of use. The following data needs to be inputted in each step.
During step one;
· Engine displacement is entered In column B4 (cid)
· Max engine speed is entered in column B5 (rpm)
· Desired boost pressure is entered in column B6 (psi)
· Ambient air temperature is entered in column B7 (Degrees F)
· Ambient pressure taken with a barometer is entered in column B8 (inHg)
During step two;
The engine’s VE is entered in column B13. If it is unknown by the user, Chart A provides the user with an estimate as to the engines VE based on the era the engine was designed.
During step three;
The user reads the theoretical flow with the addition of boost from column B18 and uses Chart B to select a suitable turbocharger. The efficiency estimate for their chosen turbocharger is then entered column B25.
At this point the turbocharger has been selected. 
During step four;
The user reads the calculated flow volume through the engine with the turbocharger and air density considered from column B33 and uses Chart C or the graph attached to chart c to calculate the best estimation for the required internal flow area inches squared (in sq) in of the intercooler for the system. 
At this point the turbocharger and intercooler flow required are now known, along with allot of useful values throughout the calculator that will help the user to understand their turbo system requirements. 
[bookmark: _Toc511997066]6.0	DOWNSIZING USING THE TURBO MATCHING TOOL

In this section a smaller capacity naturally aspirated engine’s information will be inputted into the turbo matching tool (the “Turbo Calc 2.0!), in order to select a turbocharger and intercooler for the engine. This engine will then be compared with a larger capacity naturally aspirated engine it could now be used to replace. 
The benefit of this being that the smaller engine will benefit from the small engine drive cycle, whilst still producing the power output of the larger capacity engine, with in theory, improved driving comfort due to a more liner torque curve, low rpm torque. This should also prove to be a more efficient engine not just because it benefits from the small engine drive cycle over the larger capacity engine; it also has to do less work due to the increased low-end torque. (Bell, 1997)
[bookmark: _Toc511997067]6.1	FORD SIGMA 1.6 LITRE ENGINE

“Turbo Calc 2.0!” outputs for Sigma 1.6 engine with inputted boost 12 psi
	Your engines ideal flow volume is (cfm)
	194.92

	Your engine actual flow volume (cfm)
	155.93

	Your desired pressure ratio is
	1.84

	Your theoretical new flow with boost is (cfm)
	289.92

	Your ambient air temperature in degrees Rankine is
	530

	Your intake temperature after boost is (Degrees Rankine)
	630.86

	Your ideal temperature rise is (Degrees Fahrenheit)
	100.86

	Chosen compressor 
	BW 62mm compressor

	Intercooler efficiency %
	70

	Your actual temp rise before intercooler (Degrees Fahrenheit)
	143

	Your intake temp before intercooler (Degrees Fahrenheit)
	213

	Your intake temp after intercooler (Degrees Fahrenheit)
	112.92

	Your density ratio
	1.7

	Difference between achieved density ratio and pressure ratio
	0.13

	Your new flow volume with turbocharger (cfm)
	265.42

	Required intercooler inter flow area (Sq. in) 
	14.5 


[bookmark: _Hlk511903238]Fig. 6.1 – turbo matching tool output for Sigma 1.6 engine at 12psi of boost.
	Engine
	Displacement
(CID)
	Max Engine Speed (RPM)
	Ambient air temp
(Degrees F)
	Barometer reading (inHg)
	Actual Engine Flow (CFM)
	Turbocharged engine flow (From turbo matching tool) (CFM)

	Sigma 1.6
	97.63
	6900
	70
	29
	155.93
	265.42

	Zeta 2.0
	122
	6500
	70
	29
	194.86
	


[bookmark: _Hlk511903251]Fig. 6.2 – table comparing Sigma 1.6 engine with Zeta 2.0 engine.
As can be seen from the comparison in Fig. 6.2 the sigma 1.6 engine in turbocharged form, with turbocharger and intercooler internal flow rate selected correctly, could easily be used to downsize the Zeta 2.0 engine. 
The Sigma 1.6 would now deliver 70.56 more cfm at peak rpm than the Zeta 2.0 engine and therefore can produce more power while benefitting from a smaller engine drive cycle due to its 24.37 less cid of displacement. 
[bookmark: _Toc511997068]6.2	FORD ZETA 2.0 LITRE ENGINE

“Turbo Calc 2.0!” outputs for the Zeta 2.0 engine with inputted boost 14 psi
	Your engines ideal flow volume is (cfm)
	229.45

	Your engine actual flow volume (cfm)
	183.56

	Your desired pressure ratio is
	1.98

	Your theoretical new flow with boost is (cfm)
	363.45

	Your ambient air temperature in degrees Rankine is
	530

	Your intake temperature after boost is (Degrees Rankine)
	644

	Your ideal temperature rise is (Degrees Fahrenheit)
	114

	Chosen compressor 
	BW 67mm compressor

	Intercooler efficiency %
	70

	Your actual temp rise before intercooler (Degrees Fahrenheit)
	163

	Your intake temp before intercooler (Degrees Fahrenheit)
	233

	Your intake temp after intercooler (Degrees Fahrenheit)
	118.95

	Your density ratio
	1.81

	Difference between achieved density ratio and pressure ratio
	0.16

	Your new flow volume with turbocharger (cfm)
	332.72

	Required intercooler inter flow area (Sq. in) 
	17.5


[bookmark: _Hlk511903269]Fig. 6.3 – turbo matching tool output for Sigma 1.6 engine at 14psi of boost.
	Engine
	Displacement
(CID)
	Max Engine Speed (RPM)
	Ambient air temp
(Degrees F)
	Barometer reading (inHg)
	Actual Engine Flow (CFM)
	Turbocharged engine flow (From turbo matching tool) (CFM)

	Zeta 2.0
	122
	6500
	70
	29
	183.56
	332.72

	Duratec 3.0
	183
	6500
	70
	29
	275.34
	


[bookmark: _Hlk511903283]Fig. 6.4 – table comparing the Zeta 2.0 engine with the Duratec 3.0 engine.
As can be seen from the comparison in Fig. 6.4 the Zeta 2.0 engine in turbocharged form, with turbocharger and intercooler internal flow rate selected correctly, could easily be used to downsize the Duratec 3.0 engine. 
The Zeta 2.0 would now deliver 57.38 more cfm at peak rpm than the Duratec 3.0 engine and therefore can produce more power while benefitting from a smaller engine drive cycle due to its 61 less cid of displacement. 




[bookmark: _Toc511997069]7.0	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 assignment. 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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Porting a single cylinder head port by Peter Burgess & David Gollan (Burgess and Gollan, 2010)
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Airflow restrictions by Cameron Lamnea 
Fig. 1 & 2 show cfm images, the coloured lines represent the airflow, the scale in Fig. 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 to arrive at its destination in the cylinder ready for fuel mixing and compression. (Burgess and Gollan, 2010
As can be seen from Fig. 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 Fig. 1 shows the air travelling 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 of the intake pipe. 
The multiple restrictions on an inlet system combine, making a difficult path for the air to pass through under normal atmospheric pressure. The engine must work to suck the air in.
[image: Image result for cfd image cylinder head and inlet]
Fig. 1 – Air travelling through an intake pipe and cylinder valve. Image thanks to Mark Eaton using simulation software.
[image: Image result for cfd image cylinder head and inlet]
Fig. 2 – Air travelling through an intake filter and cylinder valves. Image thanks to Mitch Seymour from a Solidworks simulation.
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PORTING

When porting cast iron, use the
garbides first for most of the major
imetal removal, then follow with the
Stones. The process for aluminium
Beads skips the stoning stage as the
material clogs the stone. Caution! -
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
ensions of the guide “front a
the curvature of that section
e duplicated in the other ports

Photo 5 (see text)

Photo 6 (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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