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Abstract
Investigation and analysis of the different aspects which influence the design and operation of cylinder heads, mainly focusing the attention on the induction and exhaust ports.  Experiments will; be carried out on a chosen head to identify the integral differences in flow and design to ensuring a full understanding of an “ideal” cylinder head. Further comparison of the induction system used in single-carburettor, multi-carburettor, single and multi-point fuel injection systems to gain further understanding the head design when presented with different fuel delivery equipment.
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2. Introduction

Cylinder head the most vital component on the engine.  This component sits above the cylinders on the cylinder block which encloses the top of the cylinder.  A head gasket is used in-between the cylinder block and the cylinder head to create a gas tight seal.  The basic cylinder head composes of inlet and exhaust ports as well as poppet valves.  Additionally a camshaft is used in conjunction to the spring loaded poppet valves, to create a system to open and close the valves at precise time intervals.  Without the use of poppet valves, the engine would not be able to create the necessary compression needed for combustion and wouldn’t allow exhaust and inlet gases to pass.
The poppet valve is the most efficient method of sealing the inlet and exhausts ports.  This is due to the combined loaded spring to return and seal the valve just enough to ensure an adequate seal.  The valve hasn’t changed its basic design for many years but smaller alterations in the dynamics have been made. An example of a refined valve design is the use of a smaller but stronger centre shaft to reduce the cross sectional area of the valve stems to increase flow.  The valve although is relatively efficient in function lacks in flow due to the centre stem.  Other methods are investigated to increase inlet and exhaust flow.  Increasing and the size of the inlet and exhaust ports is one of the most basic but effective method in increasing flow.  By reducing the amount of wall material, increases the size of the port.  This allows for more gasses to travel through the port allowing the engine to increase the amount of air that enters the cylinder as well an increasing the amount of exhaust gasses that exits the engine cylinder. A series of test will be caries out to investigate the fundamental differences between standard and modifies ports, focusing on the flow characteristics. 












3. Literature review 
[bookmark: bbb0065]A study by Tan et al. (2009) was conducted to determine the discharge coefficients of two-phase flow using a V-cone flow meter. The study found that the Reynolds numbers ranging from 25,000 to 85,000 had a discharge coefficients of 0.8–0.85 respectively, with an average value of 0.83.
“Most conventional carburettors do not deliver optimum, uniform mixtures to every cylinder at different operating conditions. Optimum fuel–air ratio at any given speed is that which will develop the required torque, or brake mean effective pressure, with the lowest fuel consumption consistent with smooth and reliable operation. Mixture strength varies from cylinder to cylinder and from cycle to cycle. This is due to insufficient mixing and vaporization of fuel in air in the intake manifold. In summary, a conventional carburettor under normal operating conditions supplies the engine with a nonhomogeneous mixture containing part of the fuel in a liquid form which, if not completely evaporated before combustion, can cause cyclic variation, increase the concentration of unburned hydrocarbons” (Abu-Qudais, Asfar and Al-Azzam, 2001)


















3. Factors That influence the design and operation of inlet and exhaust manifolds 

Manifolds are one of the most important aspects in creating an efficient and powerful engine.  
Intake manifolds are essential to getting the air into the engine.  This component connects the carburettor or throttle body to the head of the engine.  The main goal of an efficient manifold is to get the air into the engine without any restrictions but with adequate air flow. To achieve this, the manifold needs to be relatively straight without any bents so that the air doesn’t have any resistance.   For performance manifolds, a large pre runner plenum is created to ensure that air can build up effectively decreasing the air velocity but increasing the air pressure. This is to allow the air to be stored ready to be harnessed by the engine. Ideally with the in an intake system is to ensure that all of the components are the same diameter to reduce restriction and increase of air velocity.  Some manifolds also house the injectors. This is to ensure that the injector is as close to the valve as possible to avoid the fuel to condense on the inner walls. The last aspect that can alter the design of a manifold is the use of sensory equipment like air intake temperature sensors and intake pressure sensors.  This is vital to allow the ECU to understand the air quality that is entering the engine to understand the amount of fuel that should be used. (Kao and Moskwa, 1994)

Exhausts manifolds are used to allow the engine to responsibly direct the exhaust gasses to an appropriate location on the vehicle while maintain back pressure.  Manifolds are attached to the exhaust side of the engine which combines from multiple cylinders outputs to one single pipe. An example of this is a four cylinder engine going from four pipes to two pipes to one pipe.  This progression of pipes is to ensure that the exhaust gasses are evenly combined ensuring the least amount of resistance possible. With a well designed exhaust manifold with low resistance can increase engine HP by ensuring that the exhaust gasses can evacuate the cylinder as quick as possible.   Oxygen sensors are used and mounted to the exhaust to monitor the internal combustion so when designing the manifold, a location needs to be established to ensure an accurate reading. (Galindo et al., 2004)








4. Comparison between single-carburettor, multi-carburettor, single and multi-point fuel injection systems

Single -carburettor which is the first device that reliably mixes the air and fuel together for the correct ratio for combustion. The single carburettor controls the fuel mixture for all of the combustion cylinders which ensures simplicity for the engine. Carburettor has a narrowing through the centre causing a venture effect meaning the airflow increases.  A butterfly valve rotates to vary the amount of air that enters the engine.  The carburettor relies on low static pressure for fuel to be drawn through the fuel jet into the venture. This system of fuel delivery is very basic due to the fact that the fuel is drawn through low static pressure causing an irregular spray pattern.  This intern causes a variation in ideal AFR ratios meaning that the engine isn’t running at its optimum efficiency.  This can cause high emotions and rough engine operation.  Another disadvantage to run a single care system is the restriction of the amount of air that can be drawn into the engine. (Klimstra, 1989) (Tanaka and Durbin, 1977)
A multi carburettor system is the same operation as the singe carburettor system but has a carburettor for each individual cylinder utilizes a carburettor. For example on a four cylinder engine, each of the four cylinders has its own individual carburettor.  This allows for more air to be drawn into the engine allowing for more fuel to be utilised.  This allows the engine to be more efficient and to create fewer emissions. This system preferred compared to the single carburettor system because of the increase of air readily available but increases in complexity compared to the single carburettor.  The throttle butterfly vales need to be linked together to ensure unison between the cylinders. This is difficult to perfect because each carburettor can be out of sync causing the other cylinders to be pulled up.  Another complexity is the fuel supply where it needs to be divided equally.  Once all of these complexities are achieved, an efficient, simple and reliable system is established. (Klimstra, 1989) (Tanaka and Durbin, 1977)
Single point injection system is the earliest and simplest injection system.  The single point replaced the carburettor with one or two injector in the throttle body creating an atomised mists and is distributed throughout the cylinders.  Injections systems utilize control measures and sensory equipment to ensure perfect timing is achieved to allow the engine to be at is most efficient point. Injection replaced the carburettor because of increases in fuel control allowing the use of variable injector pulses. This allows the engine to be more fuel efficient reducing the amount of pollution that’s outputted.  Due to the simplicity, injection became cheaper and easier to service.  One disadvantage to single point injection systems is that the fuel has further to travel in the intake which has the ability to condense and pool on the sidewall of the intake meaning that some fuel may not combust as easily. (Chauhan, 2019)
Multipoint injection is virtually the same as single point systems but utilizes individual fuel injectors’ right outside of the intake port or in the port itself.  The main goal of direct port injection is to ensure that the majority of the atomised fuel reaches the combustion chamber.  This is to reduce the possibility for the fuel to condense on the side wall of the intake leaving un-burnt fuel.  Another advantage is that the fuel can be metered more efficiently ensure that the desired air fuel ration a achieved and further improving fuel economy while reducing the emissions. (Chauhan, 2019)
5. Method 

Flow bench Test Procedure 
The desired head is selected and prepared by removing it from the engine and ensuring that all peripherals are clear like the cam shaft. This to ensure that the valve can be pressed individually to get a repeatable experiment. A physical simulation of the cylinder is then created to ensure that it matches the engine cylinder in volume to get accurate results.  The physical cylinder simulation is then sealed and clamped down. The whole Assembly is then bolted to the opening of the test rig also ensuring that the gap is sealed.  To ensure that the setup is air tight, the test rig is used to identify any air leaks.  With the valves on the head closed, the system is turned on.  Ensuring that the flow across the cylinder set to ten h20” and the flow percentage is zero confirms that the system is setup correctly without any air leaks.  
A plate is created with bolts attached so that the valves can be depressed accurately and repeatedly.  Two DTI gauges are set up on top of a flat area on the head and the gauge set on top of the adjustment bolts.  This is to accurately measure the amount the valve is pressed down so that the tests are repeatable.  
Before hand the valve head diameter is measured to calculate L/D which signifies the amount the valve should be depressed for every test. Using the calculated L/D, open the valve to the calculated measurement and activate the rig.  Increase the flow and set the system to ten h2o.  The flow percentage will then increase as the flow is increased.  The flow percentage can then be recorded and converted on the provided conversion graph.  If the Flow percentage goes beyond 100%, Bungs on the top of the rig can be opened accordingly but should be taken in account when concerting the units ensuring to follow the appropriate section.  
All results are recorded on a excel document to ensure that all of the date can be easily understood and easily converted. 

Valve Lift /Valve Head Diameter 

Valve lift is calculated by first identifying a repeatable factor to go by. In this case the valve lift increments are as follows: 
0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 and 0.40. 
 By converting the increments to percentage we can use this to identify the valve lift increments by the valve diameter.  An example of this is a follows:


	Valve lift increments 
	Valve lift increments as a percentage (%)
	Valve diameter (mm)
	L/D

	0.05
	0.5
	27.4
	1.39

	0.10
	10
	27.4
	2.8

	0.15
	15
	27.4
	4.2

	0.20
	20
	27.4
	5.55

	0.25
	25
	27.4
	6.9

	0.30
	30
	27.4
	8.3

	0.35
	35
	27.4
	9.7

	0.40
	40
	27.4
	11.1



Volumetric flow rate 
The volumetric flow rate is first calculated by identifying the CFM and converting it from “ft³/min” to “m³/sec”. This is achieved by dividing “ft³/min” by 60 seconds.  Example of this is a follows:

Once CFS is calculated for each result, this can be divided by 0.0283 to achieve VFR.  Equation is a follows:

Flow velocity
The flow velocity is calculated by first identifying the area of both valve stem and valve head and dividing this by previously calculated VFR equation is a follows:

Co-Efficient of discharge
Hemi head has a specific data set which is a known data point which can be used for many different calculations on different engine as long as the engine matches the ‘hemi’ head setup.  The Co-Efficient of discharge can be calculated by first finding and identifying the correct valve flow potential data points.  VFR can then be divided by these data points.  The valve flow potential data points which is used for this experiment is listed below.
	L/D
	0.05
	0.10
	0.15
	0.20
	0.25
	0.30
	0.35
	0.40

	CFM per square inch of valve area 
	16.0
	29.9
	41.5
	50.7
	57.6
	62.1
	64.2
	63.9


These data points can be divided with VFR to result in the desired co-efficient of discharge. Formula used is listed below:

 6. Analysis

Listed below is the results from all four testes with the modified and standard head.
Fig 1: Results and conversion for the modified head on the intake side.
[image: ]
Fig 2: Results and conversion for the modified head on the Exhaust side.
[image: ]
Fig 3: Results and conversion for the standard head on the intake side.
[image: ]
Fig 4: Results and conversion for the standard head on the exhaust side.
[image: ]


Volumetric flow rate 

The volumetric flow rate is the first parameter which is calculated.  By using the Formula volumetric flow rate can be used to create graphs to illustrate the differences between the heads.
Fig 5: Table illustrating the results from the volumetric flow rate on the standard and modified head.
[image: ]
Fig 6: Table illustrating the results from the volumetric flow rate on the standard and modified head.
[image: ]
With both all of the volumetric flow-rates calculated for the standard and modified head, a graph can be created to understand the fundamental differences between the head port design.  Listed below (fig7) is the intake graph comparing the both heads.  The red line representing the modified head and the green line representing the standard head clearly shows a difference between the two.  The modified and standard head start at a relatively same position meaning that there isn’t an advantage in volumetric flow at low valve lift until the valve opens 3mm wide.  At this point the standard head is a consistent progressive linear pattern reaching a potential of 0.037 (m³/sec) when the valve is open 11.1mm.  The linear pattern on the standard head illustrates an efficient head design without any fluctuations and an average flow.  This is due to the fact that the port has development in the shape and angle of the port causing the air to flow smoothly.  This allows the engine to have a predictable amount of airflow into the engine so a map can be created relying in consistent air flow.
Looking at the modified head the amount of flow increases slightly at 3mm of valve lift meaning that there is a slight increase in valve flow at that point in the valve movement. After 4.2 mm of valve lift the graph seems to fluctuate.  This is fluctuates means at a certain point on the valve movement, the flow decreases from its linear pattern.  This could be caused by the port to have different interior angles causing the air to react differently to the standard head for example the air to have an increases amount of vortices.  Once at 6.9 mm the flow seems to level off meaning that the efficiency of the valve is at its optimum at higher valve lift.  Comparing the two heads, the difference in flow is 0.0059 m³/sec which is at its maximum lift.  This means that more air can enter the engine and intern can increase the amount of fuel to be utilised.
Fig 7: Graph comparing the standard and modified head on the intake.


In the Graph below (fig 8) illustrates the modified and standard head on the exhaust side.  Unlike the intake side the differences are relatively close and matched. This is due to the less aggressive porting that’s carries out. This is due to the fact that the gins that can be achieved re quite minimal. Looking at the standard head which is the green line reveals a linear line.  Similar to the front, the angles that are developed are efficient at the whole range of the valve lift.  Looking at the modified head, the modified head decreases in flow at 2.4 mm of valve lift.  This is possibly due to the fact that the interior shape of the port is increased excessively decreasing the amount of flow in the exiting the engine. This is because the air decreases in velocity if the internal shape is too large for the airflow.  Once the valve lift exceeds 6mm point, the flow that’s enters the port increases meaning that the port is beginning to become adequate for the amount of air entering the port.  This then increases linearly until maximum valve lift of 9.6mm is reached. This proves that once the valve opens more than half way, then the port will operate at its maximum performance.  Comparing the two curves at the maximum lift there is a difference of 0.0015 m³/sec which is hardly a difference but this small difference combined with other aspects in the engine like the manifold design and fuel injection can make the engine slightly more efficient and more powerful.





Fig 8: Graph comparing the standard and modified head on the exhaust.


Flow velocity

Flow velocity is the speed of air coming into the engine which allows an increase in engine efficiency.  The flow velocity is calculated using the relevant formula and is used to identify both intake and exhaust flow velocities. This is apparent in the two tables below (fig 9 &10)
Fig 9: Table of the intake flow velocity 
[image: ]




Fig 10: Table of the exhaust flow velocity 
[image: ]
Once all of the data points have been calculated, it can be integrated into a graph to show the comparison between the standard and modified heads.  Below (fig 11) shows the intake velocity on the standard and modified head. Looking at the standard head which is the green lone of the graph.  This shows a linear consistent curve.  Comparing the curve to the VFR curve they are basically identical which is further evidence that the design of the port is efficient in it delivery.  This in turn makes the air velocity very reliable allowing the air to fuel map to be efficient in its delivery by predicting the speed of which the air is entering the engine and providing the certain amount of fuel accordingly.  
The modified head on the other hand has a different type of curve almost replicating the VRF again. Although has an advantage in the flow velocity, the speed at which the air travels fluctuates.  This again may be caused by the different angle in the port due to the fact that an excessive amount of material is removes from the port. This can have an opposite to the venture effect where is the opening is too large then the air drastically reduces it velocity.  Once at higher valve opening and more air enters the port, the velocity increases at a steady rate while levelling off. This shows that the port has a point where the no gains can be made if the diameter or shape of the ports is further altered.
Fig 11: Intake flow velocity graph for modified and standard heads

The exhaust flow velocity is also compared to identify is the same phenomenon occurs. In the graph below (fig 12) is an illustration of the exhaust flow velocity of the standard and the modified head.  Staring with the standard head the exactly same graph curvature occurs, this is further evidence that the standard head a quite efficient, in design by creating consistencies throughout the tests.  As for the modified head is a different story in terms of the graph curvature.  The head is resembling a linear and consistent curvature. Although at low valve lift, the flow is low until 4.8mm of valve lift where it has an increase in flow compared to the standard. This liner also continues to the maximum valve lift. Comparing this graph with the previous VFR graph reveals that the flow curve on the floe velocity is smooth in comparison. This means that the engine has a problem in fluctuates in volumetric flow-rate but flow velocity is steady basically meaning that there is less air in the amount of space available but the air is moving relatively quickly. 

Fig 12: Exhaust flow velocity on the standard and modified head

Co-Efficient of discharge

The coefficient of discharge is first calculated using the formula. One the date is calculated, the graph for comparison can be made. 
Fig 13: Table showing the co-efficient of discharge on the intake 
[image: ]
Fig 14: Table showing the co-efficient of discharge on the exhaust
[image: ]
The co-efficient of discharge is a ratio between the actual flow discharge and the theoretical discharge.  This is mainly referred to a ratio of mass rate and the nozzle edge. This depends on the flow and the velocity of the air (Brandt, 2017).  Basically the in a pipe the flow rate varies depending on the nozzle or output size effectively creating a venturi effect.
The co efficient can be calculated to understand if the air is accelerated due to the diameter or shape of the pipe.  Looking at the first graph (fig15) shows the co-efficient of discharge if the intake.  Looking at the standard head shows an upward line with a small initial start.  The initial opening of the valve shows a slow air speed then increases at 2.8 mm.  When the valve is opened further, the air speed decreases because of the amount of air flow that’s entering the engine.  When the valve opens to its maximum potential, the air speed increases. Comparing the standard head to the modified head reveals the same jagged pattern.  The wave pattern shows an increase of air speed in the middle of opening the vales to full potential.  This contradicts the other graphs where the centre of the table shows an increase in air velocity at the peaks of the waveform.  
Fig 15: Graph of co-efficient of discharge of the intake.  

With the exhaust side of the co-efficient of discharge reveals a similar pattern to the VFR and FV. The both head start at the same result but the standard head maintains a linear air velocity.  But gets overtaken by the modified head when the head reaches is peak performance.  This is because the modified port is most efficient at higher valve operation.  Combined with the co-efficient of discharge where the air is accelerated to the end of the port to create a high flowing engine. 
Fig 16: Graph of Co-efficient of discharge on the exhaust 


















7. Conclusion  
When amazing all of the data, it is apparent that the modified head has an issue with the ‘jagged’ waveforms. Comparing the results with other teams has revealed that this may be an error with ether the setup of the test or the fact the flow bench used can only reach 10 h20 per inch.  This means that the test could be invalid due to the fact that the cylinder head can be exposed to more air velocity and pressure.  This can create a real world simulation to ensure valid results.  A re test should be carried out on the more superior flow ben to achieve 25h2O per inch to simulate a real wold test.   Another factor that can affect the test is the temperature at which the machine is running at.  Because these machines run quite hot, the air density isn’t at is ideal potential which can cause the test to be invalid.  In future the machine can possibly be warmed up to ensure an accurate results. 
 Regardless of the discrepancies with the modified head fluctuations, the modified head revealed that on the intake the air flow had increases in both VFR and FV throughout the calculations.  With this increase in efficiency, this creates the problem in which the modified port reaches a maximum efficiency.  On the exhaust side in every test, the standard port is more efficient until half of the valve movement.  At which point the modified head is more efficient in both VFR and FV.
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Comparison Between Volumetric Flow-rate on The Intake Side of the Standard And Modified head .

Modified Head intake Volumetric flow rate (m³/sec) 	1.39	2.8	4.2	5.55	6.9	8.3000000000000007	9.6999999999999993	11.1	9.7000000000000003E-3	1.7500000000000002E-2	2.64E-2	3.09E-2	3.9100000000000003E-2	3.9600000000000003E-2	4.2000000000000003E-2	4.2900000000000001E-2	Standard Head Intake Volumetric flow rate  (m³/sec)	1.39	2.8	4.2	5.55	6.9	8.3000000000000007	9.6999999999999993	11.1	8.9999999999999993E-3	1.72E-2	2.3300000000000001E-2	2.7799999999999998E-2	3.1300000000000001E-2	3.32E-2	3.5299999999999998E-2	3.6999999999999998E-2	L/D (mm)


Volumetric Flow-rate (m³/sec)




Comparison Between Volumetric Flow-rate on The Exhaust Side of the Standard And Modified head 

Modified Head Exhaust Volumetric flow rate  (m³/sec)	1.2	2.4	3.6	4.8	6	7.2	8.4	9.6	4.4999999999999997E-3	1.03E-2	1.4200000000000001E-2	1.89E-2	2.3599999999999999E-2	2.69E-2	2.92E-2	3.0700000000000002E-2	Standard Head Exhaust Volumetric flow rate  (m³/sec)	1.2	2.4	3.6	4.8	6	7.2	8.4	9.6	4.7000000000000002E-3	1.01E-2	1.5800000000000002E-2	2.0199999999999999E-2	2.3599999999999999E-2	2.5899999999999999E-2	2.7799999999999998E-2	2.92E-2	L/D (mm)


Volumetric Flow-rate (m³/sec)




Intake Flow Velocity 

Modified Head intake Flow Velocity (Fv)	1.39	2.8	4.2	5.55	6.9	8.3	9.7	11.1	5.3400000000000003E-2	8.0490000000000006E-2	9.4200000000000006E-2	0.1192	0.1207	0.128	0.13070000000000001	Standard Head Intake Flow Velocity (Fv)	1.39	2.8	4.2	5.55	6.9	8.3	9.7	11.1	5.2400000000000002E-2	7.0999999999999994E-2	8.4699999999999998E-2	9.5399999999999999E-2	0.1012	0.1076	0.1128	L/D (mm)


Flow Velocity (Fv)




Exhaust Flow Velocity 

Modified Head Exhaust Flow Velocity (Fv)	1.2	2.4	3.6	4.8	6	7.2	8.4	9.6	3.1399999999999997E-2	4.3200000000000002E-2	5.7599999999999998E-2	7.1999999999999995E-2	8.2000000000000003E-2	8.8999999999999996E-2	9.3600000000000003E-2	Standard Head Exhaust Flow Velocity (Fv)	1.2	2.4	3.6	4.8	6	7.2	8.4	9.6	3.0700000000000002E-2	4.82E-2	6.1600000000000002E-2	7.1999999999999995E-2	7.9000000000000001E-2	8.48E-2	8.8999999999999996E-2	 L/D (mm)


Flow Velocity (Fv)




Co-Efficient of Discharge Intake 

Co-eficient of discharge Modified intake (Cd)	1.39	2.8	4.2	5.55	6.9	8.3000000000000007	9.6999999999999993	11.1	6.0599999999999998E-4	5.8500000000000002E-4	6.3599999999999996E-4	6.0899999999999995E-4	6.7900000000000002E-4	6.38E-4	6.5399999999999996E-4	6.7100000000000005E-4	Co-eficient of discharge standard intake (Cd)	1.39	2.8	4.2	5.55	6.9	8.3000000000000007	9.6999999999999993	11.1	5.6300000000000002E-4	5.7499999999999999E-4	5.6099999999999998E-4	5.4799999999999998E-4	5.4299999999999997E-4	5.3499999999999999E-4	5.5000000000000003E-4	5.7899999999999998E-4	L/D (mm)


Co-efficient of discharge




Co-Efficient of Discharge Exhaust 

Co-eficient of discharge Modified Exhaust (Cd)	1.2	2.4	3.6	4.8	6	7.2	8.4	9.6	2.7999999999999998E-4	3.4400000000000001E-4	3.4200000000000002E-4	3.7300000000000001E-4	4.0999999999999999E-4	4.3300000000000001E-4	4.55E-4	4.8000000000000001E-4	Co-eficient of discharge standard Exhaust (Cd)	1.2	2.4	3.6	4.8	6	7.2	8.4	9.6	2.9399999999999999E-4	3.3799999999999998E-4	3.8099999999999999E-4	3.9800000000000002E-4	4.0999999999999999E-4	4.17E-4	4.3300000000000001E-4	4.57E-4	L/D (mm)


Co-efficient of discharge
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