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1. [bookmark: _Toc534420989][bookmark: _Toc536420217]Introduction:
The Performance of IC engine is highly depending on the inducted and exhausted air process or as often called ‘engine breading process’, in order for the engine to achieve maximum breathing, the flow characteristic of intake and exhaust manifold along with the air inducted through the cylinder head inlet port and discharged through the exhaust port must be investigated. Therefore, an experimental study has been completed upon two Rovers K-series cylinder heads, a stock version and a ported/polished version. The experiment has been performed using a bench flow at pressure drop of 25” H2O, followed with a critical writing to compare the results of both heads. This papers also covered a research on the factors that influence the design and operation of induction manifold and exhaust manifold, and also the different  fuel delivery systems including: Single and multi-carburettors systems, single-point and multi-point injection, and direct petrol injection.     
2. [bookmark: _Toc536420218]Induction and Exhaust Manifolds Design and Operation : 
[bookmark: _Toc536420219]  2.1 Induction Manifold:
[bookmark: _GoBack]Before air goes inside the cylinder and before even it reaches the cylinder head ports, it must pass through the intake manifold which is responsible of distributing that fresh air to the individual cylinders of a multi cylinder IC engine. In the old systems fitted with carburettor, the intake manifold is responsible of distributing air/fuel mixture. However, in port and direct injection system the intake manifold is simply responsible of delivering air and that is also the case for Diesel engines.(Hillier. 2014). The increase of engine power is depending to the increase of air mass flow entering the cylinders, this make the volumetric efficiency of the induction systems very important to maximize the air mass flow at all engine operating conditions. 
Design features: a good manifold design should aim to provide a direct flow to each cylinder as well as an equal quantity of charge per each cylinder ensuring a uniformly distributed charge of equal mixture strength. The branch pipes must bee designed with equal intervals and that to provide an equal aspiration, also taking in consideration that the little internal surface frictional resistance the better air flow. A small induction tract diameter will maintain adequate air velocity during low speed without impeding volumetric efficiency at high speed range.(Heinz. 1995). However, to achieve all those aims for a perfect intake manifold, there are a number of critical design features which need to be considered prior the design process. The incorporate internal engine features  such as number of valves per cylinder and the size of inlet port within the cylinder-head, and the external features such as the air delivery pipes/hoses and air temperature control/sensor, air cleaner and air mass flow control for gasoline engine. Deference of engine fuel type, petrol engine has throttle inside inlet to control air flow mass rate which varies fuel flow rate which control engine power, while diesel engine inlet air has no throttle and constantly allow full air flow but may have throttled EGR flow (Exhaust Gas Recirculation is a system introduced to IC engines in order to remove hot exhaust gas by directing it through an exhaust-gas cooler, mixed with fresh air, and return it to the combustion chamber through a pipe fitted with an adjustment valve to control the flow rate, it is used in diesel engine and in petrol engines (Bosch. 2014).), engine power on diesel engine is controlled separately by fuel injection rate. Another features that effect manifold design is the injection systems, carburettors or fuel injector in induction system will pulse fuel inside the intake manifold and will be mixed with the inducted air to mix before distributed to the combustion chamber, port or direct injection system requires fuel to mix with air inside combustion chamber or within intake cylinder-head port, and diesel  combustion system requires fuel to mix with air inside the combustion chamber. The difference between naturally aspirated and forced aspiration engines also has a great impact on intake manifold design especially the size and length of manifold pipes, simply the naturally aspirated engine uses the deference of pressure between piston induction stroke and manifold atmosphere pressure, also the pressure pulse effect from inlet valve opening/closing and inlet tract length are strongly used in this system to improve air mass flow. In forced aspiration engine with supercharger or turbocharger, both differential pressure and external pressure charging are used to increase inlet air mass flow. Other features that can affect manifold design can include, installation and packaging, safety, materials and durability, manufacturing, servicing and cost.(John. 2012).           
[bookmark: _Toc536420220]  2.2 Exhaust Manifold:
First important component the exhaust gas goes through in the exhaust system is the manifold which routes that gas out of the cylinder outlet ports toward the other component of exhaust gas system. The design of the manifold (i.e. pipes length and cross-sectional areas) strongly affect its performance characteristics. Exhaust manifold is produced from very high-quality material such as high alloy casting or stainless steel, and that to allow the manifold to endure very high temperature which reach up to 1050°c in gasoline engines.(Bosch, 2014). The exhaust manifold has been developed through out the year and become much more complex from design aspect due to the combination of other component fitted such as, Exhaust gas recirculation (EGR), Turbocharger, and catalytic converter.
[image: C:\Users\Yousouf Mustang\Desktop\2nd year\991_GT3_Long_Tube_Race_Header_-_Product__51565.1482509612.1280.1280.jpg]Design features: the link between engine and exhaust system is the exhaust manifold, it is designed as a part of the engine due to its fundamental role of extracting exhaust gas from engine cylinders. However, the application requirement which include flow restriction in the downstream system (back-pressure caused by catalysts/silencers) and packaging constraints, highly influence the design of exhaust manifold, the design also must take in consideration the type of petrol or diesel engine in conjunction with the induction system design because of the interactions between the inlet air charge entering the cylinders and the exhaust gas exiting.(John. 2012). The design requirement also differs between naturally aspirated engines and turbocharged engines. Naturally aspirated engine utilises the inertia effects of exhaust gas inside the exhaust system to assist the gas flow dynamics, the extraction of exhaust gas from the cylinder is assisted with the depression in the exhaust port when exhaust valve is open, this depression occurs due to the gas pressure pulses in the exhaust system. This efficient gas exchange process in multi cylinder engine if influenced by the exhaust manifold branch lengths and separation between cylinders, the manifold branch lengths and separation must be adequate to prevent the pressurised exhaust gas exiting from one cylinder [image: Image result for exhaust manifold with integrated catalytic converter]from flowing back into exhaust port of another cylinder. It’s challenging to use the gas pressure pulses to aid on gas extraction from cylinder when the engine exhaust system is fitted with all the restriction components mentioned before, gas pressure pulses is effective when engines have minimum gas flow restrictions and the example of that is racing engines with free-flow exhaust systems. The elimination of those restriction components in race engine, allow more space to modify the design of exhaust manifold for maximum gas flow dynamic, and this can be achieved by tuning on the branch length for all cylinders.(John. 2012).   [bookmark: _Toc536419989]Figure 1 'Picture 1' Race engine exhaust manifold
[bookmark: _Toc536419990]Figure 2 'picture 2' standard exhaust manifold

The pictures above clearly reveal the difference between the tuned branch lengths in race engine designed exhaust manifold presented on ‘picture 1’, and road car manifold which has a shorter pipes to fit the catalytic converter ‘picture 2’. In turbocharge engines, the turbocharger is mounted to the exhaust manifold to benefit from the inertia of the exhaust gas discharged from the cylinder and use it to operate the turbine. Therefore, the design of exhaust manifold will be different from that in naturally aspirated engine in order to accommodate the turbocharger.     
3. [bookmark: _Toc534420990][bookmark: _Toc536420221]Induction Systems:
[bookmark: _Toc536420222]  3.1 Carburettors:
The role of the carburettor is to deliver air and fuel to petrol engines. the carburettor mix  air and fuel in a suitable proportion to obtain the desired performance from the engine, and it mainly compromised of two parts as mentioned by Hillier ‘a carburettor consists essentially of two parts:  1- the means for regulating the entry of fuel to the carburettor according to the rate at which the fuel is used. This usually takes the form of a float chamber. 2- the means for atomising the fuel and mixing it with the necessary amount of air. This part is known as the mixing chamber.’(Hillier. 2014). Those two parts are not separated but are usually fitted within the carburettor body. The operation of a carburettor starts from an open pipe through which the air passes into the engine inlet manifold, that pipe is formed as a venturi at which the bore of the pipe diminishes smoothly to a throat and then smoothly get wider again to its original size (refer to image on Appendix 3). Air flowing along this venturi tube will increase in velocity as it goes through the throat. This increase in velocity will results on decrease of pressure, and then rise again as the velocity falls. Under the venturi is a butterfly valve called ‘throttle valve’ which controls the amount of air flowing through the carburettors throat and therefore will control the air/fuel mixture quantity delivered to the engine. Fuel is introduced into the airstream through small holes located across the narrowest part of the venturi, the flow of this fuel is adjusted in the fuel path by precisely calibrated orifices called ‘Jets’. The air/fuel mixture happen in the mixing chamber of the carburettor which is the region around the venturi, exactly at the throat of the venturi, it is also known as the Choke Tube. This air/fuel mixture then happen due to the combination of depression created at the venturi and the petrol introduced from the float chamber. As the rate of airflow increases at high engine speed, the depression in the choke tube will also rises and will cause more fuel to be drown from the jet.(Hillier. 2014). 
Single-Carburettor VS Multi-Carburettors: the size of the carburettor plays an important role on the selection of the right set-up of carburettors within the engine. a single carburettor was use widely within road vehicle as it consists of simple non-complicated installation and servicing procedures. However, for high performance engines this was not enough and introduced lot of drawback, one of the main limitation of single-carburettor system is the unequal air/fuel mixture delivered per each cylinder and that due to the induction pipe length. An example for that can be discussed as following: in a 4-cylinder engine, as known the carburettor is fitted in the middle of the induction manifold, regardless the type of it whether it is Horizontal, Downdraught, or Updraught carburettor, the mixture delivered to cylinder 2 and 3 will be better than that delivered to cylinder 1 and 4  and that due to the distance between the mixing chamber and the inlet port valve which is effected by the manifold branch length. That problem however has been solved by introducing a Dual-carburettors set-up which deliver an equal amount and quality of mixture to each cylinder (in straight 4 and v8 engines), but even dual-carburettors system was limited to a certain extend within sports or racing cars. That lead to the use of a multi-carburettors set-up which give a better performance than the two set-ups mentioned before, the purpose of using one carburettor per each cylinder is to reduce the length of the induction manifold and most importantly is to reduce the number of bends which restrict the free flowing of the air/fuel mixture.              
[bookmark: _Toc536420223]  3.2 Single and Multi-point Fuel Injection: 
Lower emissions, economic use of fuel and the development of more power resulted on the invention of a new system which widely replaced the carburettors, all engines today use fuel-injection system. Fuel injection is a term used for any system pulses fuel into the air supply in an atomised state. The current fuel-injection systems operate electronically and inject a precise quantity of fuel into the airflow of each individual cylinder. However, the mechanical fuel-metering systems has been used before that. Mechanical single-point injection system was very similar to carburettor as it injects the fuel in a single point with just one injector in the intake manifold.(Hillier. 2014). The difference between this system and carburettors is that the fuel is much more atomised and separately controlled.  
The injectors of multi-point injection or also called indirect injection, are positioned at each induction manifold branch pipe just prior the inlet port, the injectors discharge the fuel at low pressure of 2-6 bar to each induction pipe where it will be mixed and sorted before the inlet valve opens. The manifold in that system is only responsible of delivering air, therefore the branch pipe can be tuned and enlarged to maximize the ram effect of air charge to gain more power and high performance.(Heinz. 1995). The single point fuel injection system was a cheaper alternative to multi-point fuel injection, but 10 percent less power from the multi-point injection system. That fact was important as it helped the motor industry to maintain product differentiation.(Richard. 2012). However, currently the multipoint injection system is the most common type of fuelling system that is used on modern cars today and this is mainly because of the fact that this injection system can be controlled easily utilising the electronic control unit (ECU). Moreover, this fuelling type provide a better method of burning the fuel with minimum wastage compared with other fuelling systems. The multi point injection system come in two types: simultaneous injection type which operate all or group of injectors at the same time, and Sequential injection which operate injectors independently and open and close at different times calculated and determined by the ECU. The advantages of multi-point injection system can be summarise as following: Improve fuel consumption compared to single-point and carburettor systems. Massively help on the reduction of exhaust gases and therefore it is very efficient from emissions side. Better performance due to the fuel atomization, additional air intake and the precise control of injection provided by the ECU.     
3.3 [bookmark: _Toc536420224]Direct Injection: 
What led to the utilisation of direct injection within the automotive industry is the problems associated with multipoint fuel ignition system. Because the injection happens into the admission valve, some of the fuel will not enter the combusting chamber when the valve is open, so there will be some fuel waste which is a problem with all indirect injection systems. Another problem with indirect injection is the spontaneous ignition. So, the next generation of injection systems was the development of multipoint direct injection system.(Ishant, Shweta, Arvind. 2013). Compared with injecting fuel into the intake manifold, in petrol direct injection there is a very limited time interval available for injecting fuel directly into the combustion chamber. Therefore, mixture formation is vital, and fuel must be injected in that case at a pressure of approximately 50 times higher than is the case with manifold injection system.(Bosch. 2014). Due to the cost of direct fuel injection, this system is still not widely used in petrol engines.   
4. [bookmark: _Toc534420991][bookmark: _Toc536420225]Methodology:
The air flow/pressure are known to strongly impact the performance and combustion process of internal combustion engine (ICE), thus engine cylinder head efficiency which depends on intake/exhaust port design characteristic is responsible for air flow/pressure delivered to the combustion chamber. To determine the efficiency of the intake and exhaust ports, cylinder head ports need to be flow tested. Therefore, the analysis of both Rover k-series (stock and modified) cylinder heads has been tested using two flowbenches with different pressure drop (10” and 25” H2O).
[bookmark: _Toc536420226]SF-110 Flowbench: 
SuperFlow-110 flowbench has been used at the first attempt to flow bench the inlet and exhaust ports of the stock and modified cylinder heads with a pressure drop of 10” H2O. Before setting-up the heads for examination, measurement of valve’s stem and diameter was recorded to use it later on for the calculation of the net valve area. Following that, the procedure started by mounting the cylinder head to the flowbench using a 4” (100cm) long cylinder adapter, the lower flange of adapter has been bolted to the test bench and the upper flange was clamped to the tested cylinder heads. To prevent any leak, both side of the adapter must be gasketed. However, it was unnecessary to use a gasket in the performed examination as it consists only on testing one-cylinder housing from each head. instead of the gasket, BlueTac was used around the tested cylinder from both sides to ensure airtight seal. A threaded mount was attached on top of the valves using two bolts, this device consists of 4 bolts screwed into 4 threaded hols (two for intake valve side and two for exhaust valve side), the end of each bolt contacts the end of each valve stem and as the bolt is rotated, it pushes the valve to open. To measure the displacement of the valves opening, two metric DTA gauges was fixed to the threaded mount with the gauge spindle head sitting on top of the bolt head.  
The testing of both heads was performed at the same ratio of valve lift over valve diameter (L/D of 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40), and in order to obtain the valve lift increment, the valve diameter was multiplied by each of the eight L/D ratios.  
[bookmark: _Toc536420227]SF-300/600 Flowbench: 
The test was performed again using the same methods of cylinder head installation to the testing bench. However, this time a SuperFlow-600E Flowbench was used due to it’s capability to run the flow test to a pressure drop of 25” H2O. the operation of the second bench was slightly different from the first one, but similar principles as both of flowbenches are designed to measure the air-flow resistance of engine cylinder heads. For intake ports, the air is sucked in through the head intake port into the flowbench, through the air measurement orifice, through the blower, and exit from the rear of the flowbench. For the exhaust ports testing, the air-flow path discussed above is reversed using a switch in the control panel. 
During the first testing performed on SF-110 Flowbench (10” H2O), the air-flow temperature increased significantly, the testing of stock head ports started at 18°c and it rose to 31°c that is when the flowing of modified head started, and end-up with a temperature of 36°c. due to that temperature difference, the air-flow results of stock and modified heads could not be taken in consideration to compare the efficiency of both heads, which is the reason why this papers only includes the results and studies of the second test performed on SF-600E Flowbench. To prevent this phenomenon to repeat itself when completing the second testing, the flowbench was left to cool back down to 18°c before start flowing the modified head to ensure that both heads was examined under same temperature conditions for accurate comparison.(SuperFlow Corporation, pp5-8).  





5. [bookmark: _Toc534420996][bookmark: _Toc536420228]Data Analysis and Comparison:
[bookmark: _Toc536420229]5.1 Flow Bench examination results:
The results shown in the tables below was gathered during 2-hours flow bench experiment, that including the 30 minutes cooldown period of the flowbench between the two-cylinder heads testing.     
	STOCK
	CYLINDERHEAD
	INTAKE
	
	STOCK
	CYLINDERHEAD
	EXHAUST
	

	DTA
	L/D
	CFM
	T(°c)
	DTA
	L/D
	CFM
	T(°c)

	1.4
	0.05
	37.63
	17.9
	1.2
	0.05
	19.65 
	17.9

	2.8
	0.10
	70.25
	17.9
	2.4
	0.10
	45.17 
	17.9

	4.2
	0.15
	95.13
	17.9
	3.6
	0.15
	66.99 
	17.9

	5.6
	0.20
	112.69
	17.9
	4.8
	0.20
	88.20
	17.9

	7
	0.25
	124.40
	17.9
	6
	0.25
	99.23 
	17.9

	8.4
	0.30
	128.86
	17.9
	7.2
	0.30
	104.73 
	17.9

	9.8
	0.35
	130.99
	17.9
	8.4
	0.35
	106.30 
	17.9

	11.2
	0.40
	131.733
	17.9
	9.6
	0.40
	107.10 
	17.9


[bookmark: _Toc536419934]Table 1 stock cylinder head results
	PORTED
	CYLINDERHEAD
	INTAKE
	
	PORTED
	CYLINDERHEAD
	EXHAUST
	

	DTA
	L/D
	CFM
	T(°c) 
	DTA
	L/D
	CFM
	T(°c)

	1.4
	0.05
	34.15
	17.9
	1.2
	0.05
	22.51
	20

	2.8
	0.10
	66.59
	21
	2.4
	0.10
	43.62
	24

	4.2
	0.15
	92.21
	23
	3.6
	0.15
	63.48
	25

	5.6
	0.20
	112.686
	28
	4.8
	0.20
	85.05
	28

	7
	0.25
	128.79
	28
	6
	0.25
	102.38
	30

	8.4
	0.30
	136.395
	28
	7.2
	0.30
	112.60
	33

	9.8
	0.35
	143.64
	30
	8.4
	0.35
	118.13
	33

	11.2
	0.40
	146.56
	31
	9.6
	0.40
	122.10
	34


[bookmark: _Toc536419935]Table 2 ported cylinder head results
[bookmark: _Toc536420230]5.2 Volumetric Flow Rate:  
Tables presented here shows the volumetric flow rate (VFR) of both stock and modified cylinder-heads, the VFR has been calculated based on the CFM obtained from the flowbench experiment. To obtain the VFR on m3/s, CFM need to be converted to m3/h using the conversion table from the SF-300/600 flowbench operator’s manual (conversion used: Cubic feet per minute multiply by 1.700 to get cubic meters per hour). The results obtained was then divided by 3600 to obtain the final VFR on cubic meters per second  unit.(SuperFlow Corporation, pp43-44).   










	STOCK
	CYLINDERHEAD
	INTAKE
	STOCK
	CYLINDERHEAD
	EXHAUST

	CFM
	m3/h
	(VFR) m3/sec
	CFM
	m3/h
	(VFR) m3/sec

	1CFM
	 X 1.700
	÷ 3600
	1CFM
	 X 1.700
	÷ 3600

	37.63
	63.36
	0.0176
	19.65 
	33.12
	0.0092

	70.25
	118.44
	0.0329
	45.17 
	76.32
	0.0212

	95.13
	160.92
	0.0447
	66.99 
	113.4
	0.0315

	112.69
	191.16
	0.0531
	88.20
	149.76
	0.0416

	124.40
	210.96
	0.0586
	99.23 
	166.32
	0.0462

	128.86
	218.52
	0.0607
	104.73 
	177.84
	0.0494

	130.99
	222.12
	0.0617
	106.30 
	179.64
	0.0499

	131.733
	223.92
	0.0622
	107.10 
	181.44
	0.0504


[bookmark: _Toc536419936]Table 3 stock cylinder head volumetric flow rate
	PORTED
	CYLINDERHEAD
	INTAKE
	PORTED
	CYLINDERHEAD
	EXHAUST

	CFM
	m3/h
	(VFR) m3/sec
	CFM
	m3/h
	(VFR) m3/sec

	1CFM
	 X 1.700
	÷ 3600
	1CFM
	 X 1.700
	÷ 3600

	34.15
	57.24
	0.0159
	22.51
	38.52
	0.0107

	66.59
	112.68
	0.0313
	43.62
	73.8
	0.0205

	92.21
	156.6
	0.0435
	63.48
	107.28
	0.0298

	112.686
	191.16
	0.0531
	85.05
	144.36
	0.0401

	128.79
	218.52
	0.0607
	102.38
	173.88
	0.0483

	136.395
	195.12
	0.0642
	112.60
	191.16
	0.0531

	143.64
	243.36
	0.0676
	118.13
	200.52
	0.0557

	146.56
	248.76
	0.0691
	122.10
	207
	0.0575


[bookmark: _Toc536419937]Table 4 ported cylinder head volumetric flow rate
Volumetric Flow Rate Graphs:

[bookmark: _Toc536419918]graph 1 volumetric flow rate - intake ports
It is logical that the volumetric flow rate of both of stock head and modified head increases as the valve lift over valve diameter (L/D) increase (0.017m3/s at 0.05l/d to 0.062m3/s at 0.4l/d for stock head and 0.015m3/s at 0.05l/d to 0.07m3/s at 0.4l/d for ported head). When L/D ratio rise due to the increase on valve lift at each increment, it create larger passage for the air to flow inside the cylinder through the valve opening area, this area is then responsible for the volume of air allowed to pass (large area more volume, small area less volume) hence why the rate of this air movement inside the cylinder through the head ports is referred to as Volumetric flow rate. One of the keys to achieve higher volumetric flow rate is to increase valve lift by installing high lift cam or also called ‘performance cam shaft’, higher lift cam profile means more open area for the air to flow which results to significant increase in horsepower and torque. However, performance cams operate well only at high rpm and often run poorly at low rpm, this led to the invention of Variable valve lift and duration which has been first introduced by BMW with the Valvetronic system in 2001 where valve lift can be varied in the range of 0.7-12.5 mm. this system solved the problem of pressure drop inside the cylinder which occur at high valve lift and cause a large pumping loss, the system allow high lift but in the same time earlier closure of the inlet valve to keep the pumping loss smaller. (Richard, 2012). 
the basic understanding of Internal combustion engines breathing is the key to performance and efficiency improvement. That bring another key to increase volumetric flow rate which is to port or polish the inlet ports, this will expand the volume of air the port can deliver to the combustion chamber which results to the increase of torque and power. this explain why the ported head in the experiment completed in this study shows higher volumetric flow rate than the stock head. However, this difference started only after 0.2 mm of L/D ending up with 0.008m3/s @ 0.4 L/D flow increase on the ported head over the stock one. It is also expected to see some flow lost in the ported head at low valve opening (under 0.2 mm L/D) but this will not affect the overall efficiency and power gained. The two graphs presented on Appendix 1 and Appendix 2 shows the results of similar studies and the ported had also showed some lost in the flow rate at lower valve opening while the power curve prove that there is no loss of power.(Badih. Jawad and Ryan, 2002).  

[bookmark: _Toc536419919]graph 2 volumetric flow rate - exhaust ports
At the exhaust ports of the heads, the VFR of stock and modified heads started at the same rate till mid-range of the L/D increment, and at higher valve opening a similar increase to that in the intake ports start occurring at the exhaust side of the ported head as well, and that due to the expansion happens on the exhaust port from porting and polishing process which allow more volume of air to be pushed out of the cylinder chamber.  
[bookmark: _Toc536420231]5.3 Flow Velocity:  
The flow velocity (FV) has been calculated using the formula [FV = VFR / VALVE ARER = VFR / (πR2Valve – πR2Stem))] which was obtained from the same operation manual used for VFR conversion, the tables below represent the flow velocity results of each L/D ration for both Cylinder-Heads. Formula ‘f1’ and ‘f2’ are an example for intake and exhaust ports flow velocity calculations.
EX for Intake port: FV = 0.0176 / [π(14x10-3)2 – π(3x10-3)2] = 30.26 m/s     ……. ‘f1’
EX for Exhaust port: FV = 0.0092 / [π(12x10-3)2 – π(3x10-3)2] = 21.88 m/s  ……. ‘f2’
	STOCK C.H
	INTAKE
	STOCK C.H
	EXHAUST

	L/D
	FV (m/s)
	L/D
	FV (m/s)

	0.05
	30.26
	0.05
	21.88

	0.10
	56.42
	0.10
	50.39

	0.15
	76.42
	0.15
	74.57

	0.20
	90.54
	0.20
	98.14

	0.25
	99.95
	0.25
	110.42

	0.30
	103.48
	0.30
	116.56

	0.35
	105.24
	0.35
	118.29

	0.40
	105.84
	0.40
	119.18


[bookmark: _Toc536419938]Table 5 stock cylinder head flow velocity
	PORTED 
	C.H   INTAKE
	PORTED
	C.H  EXHAUST

	L/D
	FV (m/s)
	L/D
	FV (m/s)

	0.05
	27.45
	0.05
	25.05

	0.10
	53.51
	0.10
	48.57

	0.15
	74.27
	0.15
	70.65

	0.20
	90.54
	0.20
	94.62

	0.25
	103.48
	0.25
	113.93

	0.30
	109.56
	0.30
	125.32

	0.35
	115.42
	0.35
	131.46

	0.40
	117.75
	0.40
	135.82


[bookmark: _Toc536419939]Table 6 ported cylinder head flow velocity
Flow Velocity Graphs:

[bookmark: _Toc536419920]graph 3 flow velocity - intake ports
Port Shape, size and surface have a great impact on the flow velocity. Porting cylinder head will increase the size and can improve the shape of the port by removing materials in the area that highly restrict the air from flowing into the combustion chamber. Regarding the surface, polished surfaces will increase the flow velocity but that doesn’t mean an increase on power because that will cause a poor fuel/air mixture. Surface with a certain degree of roughness  will allow for fuel deposited on the port walls to quickly evaporate due to the increase in surface area plus the turbulence created at rough surface improve air/fuel mixture. It is also vital to not increase port size more than it needed, larger port size will decrease flow velocity in a natural aspirated engine, larger size port can only be successful with supercharging. (Philip. 1977). In the case of the Rover heads tested at this experimental study, the flowbench shows a higher velocity in the ported head compared to the stock head within the intake ports as demonstrated in the graph above.   

[bookmark: _Toc536419921]graph 4 flow velocity - exhaust ports
As in the intake ports, the exhaust ports velocity increases at high valve opening and the ported head flow velocity is better than the stock one at higher valve lift (from 0.25 l/d and up). The area formed within the valve and the exhaust port is usually the most important flow restriction in the exhaust system inside four stroke IC engines (Heywood. 1988), therefore, porting the exhaust valve is also important to improve engine breathing, especially when a turbocharger is fitted as The flow characteristic of exhaust gas is proportional to the high functionality of the turbocharger and therefore an increase in engine performance.   
[bookmark: _Toc536420232]5.4 CO-Effecient of Discharge:  
Co-Efficient of Discharge (Cd) is often used on the description of the flow behaviour and evaluation of flow capacity in complex geometries such as the case of cylinder head ports examined on this paper, this discharge coefficient of cylinder head ports can be obtained by flowbench laboratory experiments at fixed valve lifts increments, controlled room temperature, and fixed water pressure drop.(Bernhard, Yue and Mihai. 2015). To calculate the Cd of the tested cylinder heads, first the valve flow potential (VFP) must be extracted from page 30/31 of the SuperFlow Manual using the data for a ‘Hemi’ at 25” of water pressure. Following that, the VFP obtained need to be converted from lps to m3ps by multiplying by 0.001 (referred to SuperFlow manual conversion table). After obtaining the VFP on m3ps unit, coefficient of discharge was calculated using the formula [Cd= VFR/VFP].     




   
	STOCK
	C.HEAD
	INTAKE
	STOCK
	C.HEAD
	EXHAUST

	L/D
	VFP (m3ps/m2 of valve area)
	Cd = 
(VFR / VFP)
	L/D
	VFP (m3ps/m2 of valve area)
	Cd = 
(VFR / VFP)

	0.05
	0.0018
	9.778
	0.05
	0.0018
	5.111

	0.10
	0.00337
	9.763
	0.10
	0.00337
	6.291

	0.15
	0.00467
	9.572
	0.15
	0.00467
	6.745

	0.20
	0.00571
	9.299
	0.20
	0.00571
	7.285

	0.25
	0.00648
	9.043
	0.25
	0.00648
	7.130

	0.30
	0.00698
	8.696
	0.30
	0.00698
	7.077

	0.35
	0.00722
	8.546
	0.35
	0.00722
	6.911

	0.40
	0.00719
	8.651
	0.40
	0.00719
	7.010


[bookmark: _Toc536419940]Table 7 stock cylinder head coefficient of discharge
	PORTED
	C.HEAD
	INTAKE
	PORTED 
	C.HEAD
	EXHAUST

	L/D
	VFP (m3ps/m2 of valve area)
	Cd = 
(VFR / VFP)
	L/D
	VFP (m3ps/m2 of valve area)
	Cd = 
(VFR / VFP)

	0.05
	0.0018
	8.833
	0.05
	0.0018
	5.944

	0.10
	0.00337
	9.288
	0.10
	0.00337
	6.083

	0.15
	0.00467
	9.315
	0.15
	0.00467
	6.381

	0.20
	0.00571
	9.310
	0.20
	0.00571
	7.023

	0.25
	0.00648
	9.367
	0.25
	0.00648
	7.454

	0.30
	0.00698
	9.198
	0.30
	0.00698
	7.607

	0.35
	0.00722
	9.363
	0.35
	0.00722
	7.715

	0.40
	0.00719
	9.611
	0.40
	0.00719
	7.997


[bookmark: _Toc536419941]Table 8 ported cylinder head coefficient of discharge
CO-Effecient of Discharge Graphs: 

[bookmark: _Toc536419922]graph 5 coefficient of discharge - intake ports

The analysis of discharge coefficient (Cd) within an intake port is a parameter used to quantify the changes in intake flow at various valve lift over valve diameter increment, the results illustrated in the graph above shows an increase on the discharge coefficient within the ported head compared to the declination happening within the stock head. The rise from 8.8 at low valve opening to 9.6 at high valve opening can be justified as an improvement on the intake flow within the ported head and that due to the higher mass flow rate of induction air.     

[bookmark: _Toc536419923]graph 6 coefficient of discharge - exhaust ports
At exhaust ports, the discharge coefficient significantly improved at the modified head when compared to the stock port. A steady inclination can be seen as the valve lift increases, the ported head started at 6 and ended 8 at higher valve lift while the stock head Cd ranges between 5 and 7.     









6. [bookmark: _Toc534421001][bookmark: _Toc536420233]Conclusion:
Intake and exhaust manifold have a massive impact on the engine performance, it is critical for the intake manifold to efficiently direct the air toward the cylinder as well as for the exhaust manifold to extract the burned exhaust gases. The induction system of fuel delivery has been massively developed through out the year and it became much more efficient and sophisticated, especially as the new electronic technology has deeply involved in the automobile industry and fuel delivery system are completely electronically controlled. This development has contributed to the reduction of exhaust gases spread into the atmosphere and aid the automotive industry  to comply to the emission regulation and rules. The experimental study completed on the cylinder heads, along with the results investigations, shows that the cross-sectional area of intake and exhaust cylinder-head ports highly effect the performance of IC engine.
The practical work conducted in order to complete this essay has a great effect on the learning process concerning the investigation of engine air flow characteristics, that because of the experience obtained when using the flow bench facilities and specifically the advanced SuperFlow SF-600E bench. Understanding and knowing how to utilise such testing machines is vital when it comes to powertrain design and engine development within the automotive and motorsport industry.           
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Volumetric Flow Rate - Stock Vs Ported   (Intake)

Stock Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	1.7600000000000001E-2	3.2899999999999999E-2	4.4699999999999997E-2	5.3100000000000001E-2	5.8599999999999999E-2	6.0699999999999997E-2	6.1699999999999998E-2	6.2199999999999998E-2	Ported Head 	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	1.5900000000000001E-2	3.1300000000000001E-2	4.3499999999999997E-2	5.3100000000000001E-2	6.0699999999999997E-2	6.4199999999999993E-2	6.7599999999999993E-2	6.9099999999999995E-2	L/D (valve lift/valve diameter)


VFR (m3/s)




Volumetric Flow Rate - Stock Vs Ported (Exhaust)

Stock Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	9.1999999999999998E-3	2.12E-2	3.15E-2	4.1599999999999998E-2	4.6199999999999998E-2	4.9399999999999999E-2	4.99E-2	5.04E-2	Ported Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	1.0699999999999999E-2	2.0500000000000001E-2	2.98E-2	4.0099999999999997E-2	4.8300000000000003E-2	5.3100000000000001E-2	5.57E-2	5.7500000000000002E-2	L/D (valve lift/valve diameter)


VFR (m3/s)




Flow Velocity - Stock Vs Ported (Intake)

Stock Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	30.26	56.42	76.42	90.54	99.95	103.48	105.24	105.84	Ported Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	27.45	53.51	74.27	90.54	103.48	109.56	115.42	117.75	L/D (valve lift/valve diameter)


FV (m/s)




Flow Velocity - Stock Vs Ported (Exhaust)

Stock Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	21.88	50.39	74.569999999999993	98.14	110.42	116.56	118.29	119.18	Ported Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	25.05	48.57	70.650000000000006	94.62	113.93	125.32	131.46	135.82	L/D (valve lift/valve diameter)


FV (m/s)




CO-Efficient of Discharge - Stock Vs Ported (Intake)

Stock Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	9.7780000000000005	9.7629999999999999	9.5719999999999992	9.2989999999999995	9.0429999999999993	8.6959999999999997	8.5459999999999994	8.6509999999999998	Ported Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	8.8330000000000002	9.2880000000000003	9.3149999999999995	9.31	9.3670000000000009	9.1980000000000004	9.3629999999999995	9.6110000000000007	L/D (valve lift/valve diameter)


Cd 




CO-Efficient of Discharge - Stock Vs Ported (Exhaust)

Stock Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	5.1109999999999998	6.2910000000000004	6.7450000000000001	7.2850000000000001	7.13	7.077	6.9109999999999996	7.01	Ported Head	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	5.944	6.0830000000000002	6.3810000000000002	7.0229999999999997	7.4539999999999997	7.6070000000000002	7.7149999999999999	7.9969999999999999	L/D (valve lift/valve diameter)


Cd
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