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1) Introduction	
In the field of motorsport and automotive industries the process of burning fuel with a mixture of air in an engine as a means of propulsion has become more technical in aspects of efficiency and performance. The easy part is to get the fuel in the engine but the more difficult part is getting the air in. How the air enters the engine and how it is shaped to get to the combustion chamber has been empirically studied and various designs have been made by manufacturers globally. Even so that the fuel is the easier part to enter an engine, it hasn’t stopped manufacturers from developing more efficient ways of controlling the ignition of the fuel mixture. Developments such as Fuel injection over the conventional carburettors design will be discussed in the analysis below. Government legislation for road vehicles and FIA regulation for race cars have also played a large part in the development of the internal combustion design to fit the advancing requirements. 
This means that there is a growing need for multi-skilled level workers in the industry with the knowledge of engine designs and calibration techniques. As a student studying motorsport this assignment is focused on the cylinder head of an engine and the various designs of them to shape the air into the engine. This is to be achieved by live testing a stock rover K-series cylinder head vs a modified head on a flow bench with a comparison of them and for research to be done on how improvements were achieved. The assignment requires us to investigate and report on the factors which influence the design and operation of induction and exhaust manifolds. Produce a critical comparison of the induction system used with a single-carburettor, multi-carburettor, single and multi-point fuel injection systems. The last part is to test and produce a critical evaluation of the flow characteristics of a cylinder head using a flow bench.







2) Design and operation of cylinder heads
To produce more horsepower from an engine you have to be able to burn more fuel, that means not just filling cylinders with fuel but by burning more efficiently by having less unburnt fuel, injecting the correct amounts at the right time, atomisation of fuel molecules and all of this is mostly due to the design of an engines cylinder head as air/fuel mixture enters the engine from this point. Obviously and engine includes a block full of components such as a pistons crown shape and material that plays a factor in power and efficiency but not as important as the cylinder head, this is because it is harder to get the air in and gases are easy to be pushed out. This is where the heads design and operation of ‘’volume and flow’’ really is the primary source of an engines power as stated by (Burgess and Gollan .1997). Here are some of the restrictions engine designers and builders face when designing cylinder heads:
· Legislation: This is important as manufacturers have to fit legal criterias thoughout a democracy such as downsizing engines capacity to reduce emissions in the environment.
· Homologation: in terms of rally cars and race cars the size of cylinder head ports are restricted to a certain diameter for some classes. An example of this is the Peugeot 106 cup car class as the stock inlet manifold and throttle body are to remain untouched and but the cylinder head ports may be blueprinted (2019 junior regs).
· Reliability: Making the engine still be competent even with new modifications been added.
· Dimensions: Cylinder heads in particular have to be compatible with the designed engine as there wouldn’t be a need to have a very expensive large bore head on a road car that is cheap.
· Efficiency: the head in particular is the source of where air/fuel enters the engine, where the combustion process takes place, and where burnt gases exit therefore it must have a good casting process to be less restrictive depending on the vehicles designed application.
· Noise: Restrictions of the amount of noise your vehicle can produce has been implemented not only in road vehicles but also race cars therefore dictating the exhaust note which may hinder performance.
The biggest restrictions for cylinder heads designs are because of engine legislation to improve emissions efficiency in recent years. Implementation has already been brought in road cars to meet an emissions quota. The investing into downsizing of engines and introduction to aluminium cylinder heads has improved efficiency vastly but has created problems such as low cc turbocharged engines producing low CO2 but high Nox particles because of high combustion temperatures (R.Sindhu, G.Amba Prasad Rao, K.Madhu Murthy .2018). The benefit of aluminium cylinder heads in the case of high combustion temperatures is because these heads dissipate heat much faster than there iron counter parts but wont create more power unless they flow better (Baechtel .2015).
Cylinder head operation
As stated above the head is where air and fuel mixes in an engine which is done by the opening of intake valves and the induction stroke of the engine. The mass and density of the air/fuel mixture is drawn into the cylinder at athmospheric during the intake stroke in relation to the air in the intake manifold (At regular athmospheric pressure). This is known as volumetric efficiency (VE) (Liversey .2011). To create more horsepower you must be able to burn more fuel and to burn more fuel you must be able to get more air in. (Hilliers .2014) This is why it was stated above that the cylinder head is the most important component to how powerful/efficient an engine is. The flow of gas is affected by a number of points such as:
· [image: U:\Powertrain design and efficiency assignment\Holbay warrior big port and big valve Head.jpg]Size, shape and number of valves: this is why most engines fit 2 or 3 intake valves instead of one and you can get more ‘’oxygen’’ inside depending on the bore of the cylinder and size of the engine. Again it is dictated on the dimensions and space available (Liversey .2011). The size of valve ports have been empirically studied by various tuning companies for example Conaught competition engines developed the 16valve big bore Warrior head that bolts directly onto a Pinto block designed for 8valve set up as seen in the image on the left. The valve ports are much larger also to create torque for rally and hill climb events. (Conaught competition engines)

· Valve timing: in recent years Honda have developed the valve timing on their engines, one in particular is the K20 cylinder head in which has a variable inlet camshaft which is controlled by the ECU and is capable of advancing the inlet cam up to 50degees. With the cam angle being capable of making constant adjustments relative to the exhaust cam and crank position, the VTEC system can produce a very smooth power band across the rev range. (Stafford performance engines)
· [image: U:\Powertrain design and efficiency assignment\C20XE ported and polished Head ports.jpg]Shape of ports and engine speed: different techniques in shape of port such as the Peugeot TU5J4 head has its inlet ports angle pointing downward into the combustion chamber, this is known as a high approach port where a turn is necessary in the port design as shown in the image on the left. This was designed so that the ports follow the valve stem to the seat to create the phenomenon known as ‘’swirl’’ (Baechtel .2015). 

Naturally aspirated engines typically run at 80-85% VE because the cylinder is pulling in a vacuum. Although at the era of naturally aspirated V10 engines in formula 1 manufacturers were able to achieve 125% VE, this was done by highly optimised inlet manifolds. As stated by Steve De Groote as part of F1 technical the plenum over the drivers cockpit on a formula 1 engine is there to take in air at high speed and then it branches off to all of the inlets where is slows down where it cools to feed all cylinders. Different charge flow techniques like this combined with electronic direct to head fuel atomisation is the reason for these high VE values (F1 technical, article .2009).

Example of an F1 engines airbox
[image: U:\Powertrain design and efficiency assignment\F1 engines airbox.jpg]
The result of increased efficiency means that the engine can run at ‘’higher compression ratios’’ which is great for racing engines as you can ‘’increase engine rpm (Increase the amount of times the cylinder will combust in a minute) as its now safe to run a higher lift cam’’. (Burgess and Gollan .1997)





3) Comparison of the Induction systems
Carburettors  
These early type of fuelling systems consist of three parts both connected in the carburettor body:
1) Regulating the entry of fuel to the carb according to the rate at which fuel is consumed. A float chamber is the form of regulator.
2) Atomising the fuel and mixing it with the accurate amount of air. This is known as the mixing chamber.
3) The throttle valve or butterfly valve which is there to regulate the vehicles power by controlling its airflow.

Fuel enters the float chamber through the inlet connection where it fills in the chamber. The float rises and cuts off the fuel inlet by closing of the fuel needle, as this takes place the fuel leaves the chamber through the jet in the carb where the fuel now mixes with the air. The air is drawn in by the opening of the throttle valve which causes a pressure drop inside the ‘’choke tube’’. The air is rushed through the choke tube if the velocity is adequate enough and the air/fuel mixture is drawn into the cylinder head depending on the rate of engine speed (Hilliers .2014)

Single-Carburettor
[image: U:\Powertrain design and efficiency assignment\Single carburetor feeding 4 cylinders 2.jpg]For this carburettor the same principles still apply as stated above. This inlet manifold is an example taken from a ford 2.0L pinto engine where there are 4 runner manifolds branched off from the carburettor to feed all 4 cylinders. This design can only deliver a limited amount of air and fuel to the cylinder as there is only one throttle valve or body in which the air enters the engine. Fitting a larger carb or throttle would improve performance as more oxygen can enter the engine as well as fuel to be burnt. As stated by Hillier the variable length manifold design to the manifold is there ‘’to ensure correct gas flow is obtained at a range of engine speeds further improving the performance and efficiency of the engine’’ (Hillier .2014). Although this design has drawbacks in the amount of air it can let in, the manifold design as shown in the image above is designed to correct flow into the cylinder head efficiently. As a means of fuelling the engine this design isn’t the greatest way of delivering fuel to the engine even though the manifold design is done to counteract the air and fuelling limitations. For example since this design has to feed 4 cylinders from a single point of entry the fuel is much denser than the air so its slower to change direction of flow, in this case the air changes direction faster which could damage an engine at high rpm as it could run too lean. 
Multi-Carburettor
[image: U:\Powertrain design and efficiency assignment\Twin weber 45mm carbs.jpg]Peugeot 205 GTI (45mm Weber’s)	2.8L Volvo head (50mm Weber’s)
[image: U:\Powertrain design and efficiency assignment\Volvo engine (multi weber 50mm).jpg]










Above are two examples of rally car engines fitted with the same design Weber dual choke carburettors. The dual carb design allows more fuel to enter the intake manifold and give the engine more horsepower depending on the size of the carbs, valves and amount of lift. The dual carb in the cases of the 4 cylinder engines shown above, ‘’has two carburettors joined together by a single float chamber’’ (Hilliers .2014). ‘’The two throttle valves are interconnected and should be synchronised to give the same opening time at all engine speeds’’. The same principles on how the carburettor gets air and fuel are still the same but the difference is that each cylinder has its own independent throttle valve and air supply to the cylinder head. This means throttle response is faster as each cylinder should get similar air/fuel mixture.
1) The fuel atomisation is better than a single carb if it is tuned right as there is greater air flow.
2) The pressure drop in each inlet is greater over the unequal length manifolds on a single carb.
3) The temperature of the mixture in the manifold is less over a single carb: this is due to less fuel evaporation as more of it is burnt. The evaporation that takes place in a single carb ‘’is undesirable because it reduces the weight of the air and fuel that can be entered the cylinder. 

Basically the larger capacity that you get with a multi-carb set up gives much more advantages to the power and efficiency of an engine over a single carb set up. The two engines above with this set up have I their intake manifold curved into the cylinder head to create a ‘’downdraft’’ as reffered to by (Baechtel .2015) for a means to aid along with the pressure drop of the intake manifold to try get as much oxygen into the head as possible.
[image: U:\Powertrain design and efficiency assignment\Single point fuel injection.jpg]Single-Point Fuel Injection
This design was the first generation of electronically controlled injection to disperse fuel by an injector. They require a pressure regulator, ECU and a fuel pump. Along with this set up they are a variety of sensors monitoring conditions. The variables monitored by these sensors include oxygen %, manifold pressure, air temperature and a throttle position sensor. The design is also known as throttle body injection as the injector is placed behind the throttle body in the intake. It is very similar in position where a single-carb would be placed. Therefore the same limitations apply to these intake manifolds like single-carb manifolds as stated earlier. The benefits this design has over carburettors is the way it is able to accurately control fuelling. Another benefit this system has over carbs is that the injector has a ‘’spray pattern’’ and fuel is ‘’atomised’’ at all engine speeds therefore a precise air/fuel ratio can be achieved (Hillier .2014). Also for cold start procedures such as enrichment and deceleration vary as the engine warms up by ECU monitoring resistance decrease and signals from these sensors. (Hillier .2014). The Bosch Jetronic is a form of single-point injection and although it has many inferior capabilities over a multi-point setup it is the cheaper alternative.






	






Multi-Point Fuel Injection
[image: U:\Powertrain design and efficiency assignment\Multi point injection diagram.jpg]








The two diagrams above are both examples of multi-point setup although they differ ever so slightly. Firstly the difference over the single-point setup is the way this system has and injector for each cylinder with a single throttle body going into an internal ‘’plenum’’. For these examples of multi-point injection ‘’the quantity of air induced for a given throttle opening depends on the manifold pressure’’. The MAP sensor, engine speed signal, engine coolant temperature, air temperature sensor and ECU coordinate against the throttle potentiometer. 
For diagram b) on the left Atomisation is improved over single-point injection as fuel is sprayed at the back of the inlet valve causing the ‘’mist’’ to be dispersed when the valve opens. (Bell .1997) recommends that injectors be placed as close to the intake valves as possible, to minimise flow losses and improve vaporisation.
[image: U:\Powertrain design and efficiency assignment\Multi point ITB'S.jpg]For diagram c) on the right represents direct to cylinder injection. Where the cylinder head is designed for injectors to be placed directly facing the piston crown. This is just another step above diagram b) as fuel flow losses are now out of the equation and the engine designer can just concentrate on getting more oxygen into the head as efficiently as possible. 
Here is an example of a multi-point injection setup with direct to head independent throttle bodies and injectors. This induction design provides each cylinder with atmospheric pressure with its own direct supply of flow over a single throttle body that branches to feed 4.




4) Methodology
The efficiency and performance of and engine now is known that the cylinder head design is heavily responsible for the output of an engine. The Intake and Exhaust ports size, shape and surface are the key features of extracting power right down to the combustion chamber this is due to how the flow of gases and pressure drops with the design of the head. The University provided us with a stock untouched Rover K-series cylinder head and a Ported and polished Rover K-series head that we were to test both of them and compare the differences. We carried out the test on a SuperFlow-300/600 Flowbench in the university workshop. The test was carried out at 25’’ of H2O (Pressure drop). 
The SuperFlow-300 was the flowbench that we tested in the intake and exhaust ports from both of the Rover K-series heads which was done at a pressure drop of 25” of H2O of pressure drop. We then had to measure up the inlet and exhaust valve stems and head diameters so we could calculate the valve area that we would need later on to calculate the heads Flow Velocity (FV). To set up the stock head first the head was mounted and lined up on the flowbench. To seal the head to the flowbench and the combustion chamber to the adapter we used bluetac. Next we tightened down clamps at each corner of the cylinder head so the pressure from the bench didn’t move it and so that the valve lift DTA gauges were set and weren’t giving false valve lift figures. A hand made mount was given to us which we threaded into the cylinder head so that the DTA gauges could read valve lift for the intake and exhaust valves. For increasing valve lift there were two bolts threaded into the mount to simulate a cam lobe acting on the valve bucket increasing valve lift. 
The assignment stated that both cylinder heads were to use the same amount of valve lift/valve diameter ratios. So that we could start from valve closed and open the valve in the correct increments. Note: the valve lift/valve diameter ratios were different for the intake and exhaust as they had different valve head diameters.
[image: U:\Powertrain design and efficiency assignment\Flow bench testing.jpg]










5) Data Analysis of both heads
[image: ]Flowbench results:

[image: ]These two following charts are representing the stock head and the modified heads Intake and Exhausts Air flow in cubic feet per minute (CFM). The flowbench measured air flow in CFM as shown above and beneath, this was the first step as to calculate Volumetric flow rate (VFR) and Flow Velocity (FV) we needed to know the values of air flow in CFM to begin. 

[image: U:\Powertrain design and efficiency assignment\Ported and polished rover K-series head.jpg][image: U:\Powertrain design and efficiency assignment\stock head port.jpg](Left: Stock port)                                                   (Right: Modified port)
Volumetric flow rate (VFR)
The charts and line graphs represents the VFR of both the stock and modified cylinder heads. For us to calculate the VFR we had to calculate the air flow in CFM as stated above. VFR was measured in m3/sec by: VFR = CFM / 3600 X 1.7
This conversion was given to us by the university in the flowbenchs manual. This conversion is used to get the values in Cubic meters per hour. 
Intake ports:
[image: ]






Immediately you can notice that at where the intake valve lift is opened to (1.4mm) on the stock head the volumetric flow rate is larger than the modified head at the same valve lift of (1.4mm). The rate of flow for the stock head is roughly similar to the modified head until the valve lift is recorded at (7mm), this is where the modified head (0.0608) m3/sec starts to flow much better over the stock head (0.0587) m3/sec. with the valve lift wide open at (11.2mm) the modified head (0.0692) m3/sec flows a lot better than the stock head (0.0622) m3/sec. this is because the modified head has been ported (therefore bored out) and polished (therefore the surface smoothened) in which creates a larger area for the for the air to flow and a smoother surface dosnt create the turbulent flow of the stock heads rough casting. Since there is more area for the air to flow in the modified head therefore it has greater ‘’Volume’’ so more oxygen can get into the engine. While the modified head has less flow at valve opening compared to the stock head dosent effect the performance of the engine as in real life it would be fitted with ‘’highlift camshaft’’ granting the valve with more lift. (Burgess and Gollan .1997) This would let more oxygen into cylinder hence why the head has been modified. With the adition of higher lift cam the rpm would be greater therefore the time for the valves have to cycle (open and close) would be less in the higher rev range. That’s why higher lift cams only perform good in the high rpm and they don’t idle well if at all at low rpm. 
As an engine is an air pump, if you can improve the flow the performance and efficiency will be greater. So an increase in the Volumetric flow rate of an engine by means of porting and polishing removes restrictions to flow and gives rise to the volume of oxygen that a cylinder can consume in its induction phase. 



[image: ]

[image: ]Exhaust ports:

The same was seen when comparing the VFR of the stock head (0.0213) m3/sec and the modified head (0.0206) m3/sec exhausts ports where the VFR was greater at valve lift opening (2.4mm). Even from valve opening to mid-range of valve lift (4.8mm) the stock head (0.0417) m3/sec is still flowing better than the modified head (0.0402) m3/sec. But after this point the VFR for the modified head is much more efficient. This is due to once again there is a larger capacitity in the modified exhaust ports as they have been ported so there is a greater volume that can be pushed out from the an exhaust stroke. Note: stated earlier that it is easier push the gases out of a combustion chamber than create a pressure drop to suck the air into a combustion chamber.

[image: ]

Flow Velocity (FV)
Next we had calculate the flow velocity (FV) which was given to us in the assignment brief: 
FV = VFR / valve area
So this is why measuring the valve stems and diameter was important to do prior to testing. We now had to calculate valve area:
 Valve area = VFR / (Πr2 valve head – Πr2 valve stem) 

[image: ]      Intake ports:

[image: ]
The larger port size and the polished surface of the modified as shown in the pictures above you can clearly see the amount of material removed when seeing the stock port shape which is much more restrictive for the air to flow into the combustion chamber. At this next part we are finding the speed of the air flow in a given direction or in other words the Flow Velocity (FV). The polishing process of the of smoothening out the surface in the modified head is to create a less turbulent air flow that will create less disruption for the air/fuel mixture to flow (Baechtel .2015).

[image: ]Exhaust ports:
With the exhaust valves open more than (6mm) the modified cylinder heads (113.88) m/sec air flow speed starts to become faster exiting the combustion chamber than the stock cylinder head (110.58) m/sec. With the exhaust valve at open at max lift (9.6mm) the modified head (135.81) m/sec is a lot faster at removing gases compared to the stock head (119.31) m/sec. The modified head greatly improves the free flowing movement of exhaust gases to prevent pressure build-up in which can occur. ‘’Restrictions to flow cause a pressure build up within the exhaust system, reducing the expulsion ability, encouraging flow mixing and leading to charge contamination’’ (Burgess and Gollan .1997).
[image: ]
CO-Efficient of Discharge (CD)
[image: ]The CO-Efficient of Discharge is the ratio between actual discharge to ideal discharge. CD is used to monitor the flow efficiency of a cylinder head based on the valve area as a function of the valve lift / valve diameter ratio (Burgess and Gollan .1997).

From observing the graph above which represent the CD of the Intake ports of both cylinder heads, the results show that there is an increase in discharge regarding the ported head as valve lift increases compared to the stock cylinder head. An example of this achievement can be seen at the intake valve opened (9.5mm) on the ported head, this is because the large diameter carries denser supply drawn into its cylinders in the induction stoke of the cycle. 
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Stock Head Intake (FV) VS Polished Head Intake (FV)
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