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Abstract
The motorsport and automotive industry manufacture engines with the aim of overall efficiency, cost-effectiveness, and customer satisfaction. While making these three factors a priority some of the engines components efficiency is lost during manufacturing, this may result in some loss of power resulting in customer and company dissatisfaction. This report focuses on how specific adjustments can be made to an engines cylinder port during or prior to manufacturing to increase the engine's horsepower and performance. This report will cover the necessary procedures carried out to prove the performance improvements theoretically. An in-depth explanation and analysis of both practical and theoretical testing will be included. 
Technical Abstract
This report will outline how cylinder head porting will help increase the volumetric efficiency of the cylinder head, theoretically improving the engines brake horsepower and overall performance. To prove this theory, a cylinder head will undergo flow bench testing, collecting data for comparison; this port shall then be moulded and scanned so that an identical version of the port will be produced on SolidWorks and will undergo flow analysis using the computer programs applications. Certain porting adjustments will be made on SolidWorks; this will allow the collection of data for comparison, providing results on what specifications/adjustments will allow the most air to be crammed through the ports in to the combustion chamber. This will ensure precise data on the increase of volumetric efficiency, proving that if the modifications theoretically applied are applied practically, the engine will have a higher volumetric efficiency and a more substantial output of horsepower.


	
1.0 [bookmark: _Toc512247075][bookmark: _GoBack]Introduction
This report is an investigation on how the overall volumetric efficiency of a naturally aspirated 1.25L Ford Engine may be increased, specifically looking at improving/increasing the amount of air flowing through the engines cylinder head ports, providing a more substantial amount of horsepower than previously offered after company manufacturing. The investigations completion and validity is mandatory and will be acquired by completing a series of both practical and theoretical testing, calculating and retrieving data using the machines and simulation software provided by the University. With the intention of collecting numerous results of data on the ports volumetric efficiency the cylinder head will be mounted and tested multiple times on the Flow Bench (Super Flow SF-600) located in the university workshop, this will provide sufficient recorded data which will be used for comparison later on in the investigation.
To validate this theory, other data must be calculated to make adequate comparisons, meaning there must be another object which is tested. Therefore the cylinder head port will also be examined using simulation software. To make this possible a mould of the selected port is created, and then simulated using three-dimensional scanning machinery located in the University workshop. This model is then formatted as a computer file which is opened using SolidWorks, a three-dimensional computer aided design system. This software has many uses and functions, allowing the editing and analysis of components before manufacturing, allowing cost redundancies for companies. If this process is completed correctly, the port will undergo simulation flow testing on SolidWorks, providing very similar results as the data recorded on the flow bench. 
It is known in the automotive industry that the more air the engine receives more fuel is burnt due to a more significant air to fuel ratio, so if a company solely wants to improve the engine's power they will attempt to push as much air in to the engine as possible. The amount of air available for the engine is dependent on the cylinder heads volumetric efficiency, the higher the volumetric efficiency, the higher the air flow. This theory must be proven by making specific adjustments to the cylinder port on SolidWorks, supposedly increasing the volumetric efficiency and horsepower of the engine. These necessary adjustments applied correctly will showcase when retrieving the data from SolidWorks’ Flow-X application (allows simulation of flow through/over objects), acquiring more significant results than those from the original cylinder head port. 
Once all this data is analysed and confirmed adequate/accurate the theory could be practically applied, this means if the alterations made to the port on SolidWork are applied to the University’s Ford 1.25L engine. When tested on the Flow Bench similar results of volumetric efficiency would be recorded, resulting in successful porting and increased horsepower. These results will confirm the validity and accuracy of the investigation, and potentially theories such as ‘for every ten cubic feet of air crammed in to the cylinder head, an additional five brake horsepower can be gained.’ This study aims to ascertain influence cylinder potency has on volumetric efficiency and engine power through undertaking the following objectives: 
List of Objectives
· Measurements – certain aspects of the cylinder head must be measured to re-create the model on SolidWorks.
· Live Testing – The cylinder head must be tested on a flow bench to gather a first set of accumulative data. 
· Research – Research on volumetric efficiency and cylinder porting must be carried out to understand the subject further and apply any knowledge theoretically and practically. 
· Moulding and Scanning – A mould of the cylinder must be made and then scanned, so a three-dimensional digital version is available, this is also extremely important as the investigation is impossible to complete without this.
· Designing – Using SolidWorks the model of the cylinder is altered as when it is scanned as a computer file it is in the form of ‘point cloud’ which means that it is a non-solid object. 
· Simulation Testing – The cylinder port will undergo Flow Testing on the Flow-X simulation to collect data to compare with the live testing data. 
· Porting and Further Adjustments – Once data is collected from the simulation, the adjustments necessary (all based on research) shall be carried out on the cylinder port model using SolidWorks.
· Simulation Testing (Altered Port) – A series of simulation tests will be carried out on the altered design.
· Comparison of Results – All data gathered from the simulation will be compared with live testing data to confirm any improvements and validate the investigation. 
All these objectives must be completed to provide a successful investigation and efficient report.
[bookmark: _Toc512247076]2.0 Literature Review
This report will oversee how volumetric efficiency of a cylinder head and horsepower can improve through testing port flow. For organisation, and to provide a reliable investigation, there are three factors that must be taken in to consideration and thoroughly researched.
[bookmark: _Toc512247077]2.1 Volumetric Efficiency
Volumetric Efficiency (VE) is the term used to represent the ratio of air/fuel mixture which is drawn in to the cylinder of the engine to the pistons volumetric displacement; this means the actual amount of air which flows through the engine in comparison to its theoretical max value. In simple terms, it’s the measurement of how full the cylinder is with this mixture. The volumetric efficiency of an engine is greater when the cylinder is full of the mixture of air and fuel that enters during each exhaust stroke of the four-stroke cycle. If an engine had 100 percent VE while operating, theoretically the cylinder has held 100 percent of the air by mass. It is important to remember that certain restrictions will affect the actual mass of air/fuel mix held by the cylinder in comparison to its theoretical value. Usually, the mass is lightened by the restrictions. The heavier the volume, the more power can be created as the combustion chamber will contain more air/fuel mixture, this can be done by altering and tuning components such as cylinder heads, cams, and intake/exhaust ports. This report is specifically covering how port adjustment will increase the volumetric efficiency and engine performance. Therefore research in to methods of improving ports will be carried out. For this investigation the volumetric efficiency must be calculated therefore a formula is needed, two formulas discovered when researching are both are listed below:
VE = (AVF ÷ TAF) x 100
Example: VE = (472.39 ftᶟ/min ÷ 598.97 ftᶟ/min) x 100 = 78.86705511%
AVF = Actual Volumetric Flow Rate, this is the mass rate taken from Auto Tap log (lb/min) divided by the density of the intake air (lb/ftᶟ).
TAF = Theoretical Air Flow, the equation for TAF is:
(ED) x (RPM) x (TVE) ÷ (ES) x (C)
ED = Engine Displacement, measured in inchᶟ
RPM = Max Design Revolutions per Minute of the Engine
TVE = Theoretical Volumetric Efficiency, this means the value is 100%
ES = Engine Strokes
[bookmark: _Hlk512159526]C = Conversion Factor, ftᶟ in to inchᶟ
Example: AVF = 35.72 (lb/min) ÷ 0.0758 (lb/ftᶟ) = 471.24 ftᶟ/min
Example: TAF = (352inᶟ) x (5,991RPM) X (1.00) ÷ (2) x (1700inᶟ/ftᶟ)
TAF = (2,108,832inᶟ/min) x (1.00) ÷ 3400inᶟ/ftᶟ
TAF = 620.24 ftᶟ
Using this calculation, the data recorded during flow bench testing will provide results for volumetric efficiency. 
Another example of an equation that is used for calculating volumetric efficiency is:
VE = (CFM x 3,456) ÷ (CID x RPM)
This is CFM x 3,456 divided by the multiplication of engine displacement and max RPM.
This equation is very similar to the first one but does not require a theoretical value. The value 3,456 is calculated from multiplying the conversion rate of ftᶟ to inchᶟ by 2 (this value is represented by one full revolution of the crankshaft, from when the piston leaves and returns to BDC). The conversion rate is 1728. CID stands for Cylinder Intake Displacement, which also means the displacement of the engine which is 1.25. The RPM before redlining for this engine is 6000. When using a CFM value to calculate VE, we use the maximum CFM which flows through the cylinder head port.
VE = CFM x (Stroke x Conversion Rate) ÷ (CID x RPM)
VE = 123.45 x (2 x 1728) ÷ (1.25 x 6000)
VE = 426,643.2 ÷ 7,500
VE = 56.88576%
[bookmark: _Toc512247078]2.2 Improving Inlet Port Flow
The cylinder head of an engine sits above the cylinder and is sealed by the head gasket; this allows the cylinder head to act as a combustion chamber, compressing the air-fuel mixture. Located inside the cylinder head are ports which flow air towards the inlet valve located by the combustion chamber, these valves open and close controlling the air which flows in and out of the cylinder.
When attempting to increase the volumetric efficiency of an engines cylinder head we must first look at the intake ports; this is where adjustments can be made to gain more significant air flow. The more the intakes volumetric efficiency is improved, the higher the power output from the vehicle, therefore we want as much air as possible crammed in to the cylinder, the more air forced into the combustion chamber provides a higher air to fuel ratio, using up more fuel and resulting in higher power. 
The amount of air which travels through the port is measured in CFM (Cubic Feet per Minute). Improving the intake ports would allow more air to flow through, in theory, this will increase the power output of the vehicle as thorough research claims cramming an extra ten cubic-feet per minute of air through the cylinder will result in the vehicle gaining an additional five break horsepower. 
Manufacturers in the automotive and motorsport industry prioritise specific factors over others when producing parts, in this case, they focus more on efficiency, cost-effectiveness, and customer satisfaction. When stating this, efficiency does not mean volumetric efficiency, as Ford does not prioritise gaining maximum power from a 1.25L engine, but focus more on cost and customer satisfaction as anyone who purchases a vehicle with a 1.25L engine is not concerned about power output. Due to this, manufacturing companies do not focus in-depth on the surface of a cylinder port; this results in unsmooth surfaces and unwanted metal after the casting process, this can then result in the turbulence of flow reducing its efficiency. While smooth surfaces are ideal when increasing the volumetric efficiency of the port, there must be some form of rough surface available to assist in the evaporation of any fuel which remains in the port. 



[bookmark: _Toc512247079]2.2.1 Cylinder Head Porting

Cylinder head porting is a term used to describe modifications and adjustments made to the inlet and exhaust ports of a cylinder head, many different methods are applied when attempting to improve the cylinder head ports. This could potentially improve the quality and quantity of airflow which travels through the inlet and exhaust ports. When an engine is running at high speeds the cylinder head ports are trying to push as much air through as is physically possible, now to us air feels like nothing, just a mere breeze, but when it is being forced through small spaces at an alarming rate the air becomes extremely thick, dense, and heavy. By porting the cylinder heads correctly, the air will become lighter allowing the air to flow through with ease, meaning when the engine does reach high speeds more air can flow through at a larger rate, resulting in a greater volumetric efficiency and power. The thickness and density of the air can also be affected by applying a cold intake system, as cooler air will be thinner and less dense. Another term used to describe cylinder head porting is known as ‘Port and Polish’. Realistically all companies and manufacturers would have completely straight ports as this would maximise airflow in comparison to any other cylinder head port shape, but due to the design of engines and other factors such as manufacturing constraints, it is impossible to do so. 

[bookmark: _Toc512247080]2.2.2 How to Accurately Port and Polish

Accurately porting the cylinder head port is a difficult task, and can be done incorrectly if not done by a professional cylinder porter. It is essential that this is completed with precision and done properly, a step by step guide on how a professional would complete a port and polish successfully will be provided.

The first thing that must be done when completing a successful porting is to locate the point within the port which restricts the most airflow, if this is determined and altered correctly then a significant increase in flow should be apparent to see. When locating the greatest restricting point, the port must be flow tested with the different valve lifts; then we can see how flow is effected at every point the valve is opened by as it could affect where the restricted position is located. Providing accuracy with results. 
Once the ports have been tested, and the highest restriction point has been located we can now begin porting. To do this a small drill with tapered grinder drill bits is required, as well as a vacuum, WD-40, permanent markers, a face mask, and a high accuracy measuring device. Alternatively, a CNC machine would be ideal as they perfectly adjust ports using laser guidance and geometry, but as this is not available for most people, the drill will be the method explained and carried out. Both methods mentioned will allow the adjustment of specific points of the port, smoothing out the rough surface increasing the air/fuel flow. Valve throats should be widened, and the chamfers smoothed out. 
In this report we are specifically looking at how ‘port and polish’ can improve the flow of air through the cylinder head ports, but it is important to remember that all methods that deliver significant advantages most commonly include essential drawbacks. It is necessary to thoroughly research and cover the issues that may occur when performing these methods as they can result in weaker results and performance than previously acquired, before any adjustments were carried out on the cylinder head ports.
[bookmark: _Toc512229929]Table 1: Pros and Cons of Port and Polishing
	Pros
	Cons

	Increasing the amount of air flowing in to the engine, creating additional power. Improving acceleration.
	You should always take the cylinder head to a professional as this method of increasing power must be done correctly, if mistakes are made it can result in many disadvantages.

	Port and Polishing can also improve a vehicles fuel efficiency, meaning the engine will consume less fuel than it did previously. This is a pro as it is cost-effective, resulting in less money spent on fuel.
	Even if porting is carried out correctly, it does not guarantee a significant or any amount of increase in power as some engines are incapable of increasing their performance indices. 

	An improvement in engine response is possible as the engine will work at a faster rate, improving the overall performance of the engine. This can be further enhanced when it is combined with good quality pipes and cams.
	Port and Polishing is a dangerous and challenging process to complete. Therefore all the necessary safety equipment must be available. Shaving and Porting would cause a lot of debris flying around and can cause damage. 



From the table above we can see that the cons listed above will not affect the performance of the engine as much as the pros will, but it is more down to cost-effectiveness and health and safety. If porting and polishing is done incorrectly then money will need to be spent on a new cylinder head, and that is very expensive. It would cost a reasonable amount to take the cylinder head to a professional, but ultimately would be a lot cheaper than the cost of destroying the cylinder head ports trying to get a ‘cheap quick fix’ at home. Health and safety is and always will be one of the most important factors in engineering and the automotive/motorsport industry, improved performance is a factor that will catch the attention of any car enthusiast or petrol head, but it is not worth causing any self-harm. A professional knows exactly how to improve a port to its fullest potential and always wears the correct safety equipment, following the procedures religiously.
[bookmark: _Toc512247081]2.2.3 Performing Port and Polish
Step 1: The first thing that must be carried out to complete ‘port and polish’ is to acquire the correct tools, appliances, and materials to complete the task. All equipment needed is as follows:
· 1 or 2 heads, dependent on the vehicle's engine. 
· A small drill
· A variety of sanding drill bits
· Face Mask 
· Safety Goggles
· Gloves
· Blu-tac
· Permanent Markers
· Flow Bench
Step 2: Next the head(s) must be examined, this must be completed to analyse the inside of the port, looking at the surface. Any manufacturing defaults musty be taken in to consideration, as some rough surfaces/defined bumps are purposely allocated to assist in the evaporation/atomization of the leftover fuel. Another example such as a mould ring still attached to the casting process, if this is the case, it will need removing. The cylinder head port is tested and examined using a Flow Bench.
Step 3: Once all the correct equipment has been acquired and all defects have been removed, it is time to begin the port and polishing process, this means the port will now undergo grinding. It is imperative to avoid the topmost lip at all costs, as the purpose of the lip is to seat the valve, if this lip is damaged then the valve will leak. It is advised to use a lower grit sander when beginning the grinding process, setting the drill to moderate speed to carefully and correctly port. This process if not carried out by a professional should take some weeks as it is advised to take precautions and spend as much time as possible to avoid damaging the cylinder head port and having to buy a replacement. The port should only have any unnecessary/excess metal removed at this stage, to create a smooth surface.
Step 4: Now the ports have been altered, and a smooth surface provided the permanent markers are needed, these are used to mark how much material is to be removed from the ports. Both intake and exhaust ports must be aligned one at a time. As previously stated, you do not want to remove too much material from within the ports as specified points are purposely fitted to aid in the evaporation/atomization of leftover fuel, therefore it is required to leave between one to two millimetres of metal between the portholes and the gasket.
Step 5: The ports are now ready to be polished. To do this, the lower grit drill bits will  be replaced with bits of higher grit and the port will undergo grinding for a second time, with the intention of giving the ports an even smoother finish, with the end product resembling the shine from that of a mirror. Once the polishing is complete, the cylinder head will be mounted on the flow bench, and pressure tested to collect data and compare with previous results, this will show any improvements in flow/volumetric efficiency created from the porting and polishing.
Step 6: The final step would be to re-install the cylinder head to the engine, and experience the improvement in power and performance.
When attempting to improve the volumetric efficiency through port flow, it is essential to perform port on polish on both inlet and exhaust ports. This report is specifically focusing on increasing the flow of the inlet port of a 1.25L Ford engine as cramming as much air as possible in to the combustion chamber through the inlet port will enhance performance, but it is important to remember that adjusting the exhaust port will also affect this. Port and polishing the exhaust would also allow exhaust gases to exit the cylinder at a higher velocity the port would have a smoother surface, the most elevated exhaust velocity of air would be at the final point of exit, this being the reason for port matching. To provide efficiency, the exit of burnt gases from the combustion chamber through the exhaust pipe must be smooth. If the top of the combustion chamber which houses the spark plug is polished and adjusted correctly, then the mixture of air and fuel burnt will transition from the cylinder to the exhaust manifold with ease. 

[bookmark: _Toc512247082]2.3 How Air Flow Improves Efficiency and Increases Engine Performance
To understand how air can improve vehicles overall performance we must first look at airs purpose and use within an engine. Previously the report covered how ports could be enhanced to force more air in to the cylinder; now thorough research has been carried out on how the amount of air flowing through a cylinder head port can result in power and performance increase. 
[bookmark: _Toc512247083]2.3.1 Function of a Four Stroke Internal Combustion Engine
[image: ]It is common knowledge within engineering and the automotive/motorsport industry that air flows through the cylinders ports towards the combustion chamber, for this we must analyse the way an engine works, and how the air is used within the combustion chamber.[bookmark: _Toc512229910]Figure 1: Four Stroke Cycle

Above we can see a diagram of a standard Four Stroke/Cycle Internal Combustion Engine. The image shows the piston completing four separate strokes, with stroke being the term used when the piston moves the full length of the piston up and down (travel), this results in a single thermodynamic cycle. A four-stroke engine requires two whole revolutions of the crankshaft to complete its cycle, which is 720 degrees, this is also shown in the diagram above. The cycle consists of five stages one of which is the ignition which occurs between the power and exhaust strokes. As this is a four-stroke engine there are four different strokes all of which are labelled above in order:

1. Intake
2. Compression
3. Power 
4. Exhaust
Induction/Intake Stroke – During the intake stroke a mixture of air and fuel is sent to the combustion chamber through the cylinder ports from the carburettor, this occurs when the intake valve opens and the piston travels from top dead centre (TDC) to bottom dead centre (BDC). This creates low pressure within the cylinder. The air-fuel mixture is forced through the open intake valve in to the area created by the movement of the piston to BDC. The air-fuel mixture due to its own inertia will continue to flow and fill the area slightly past BDC, all of this is occurring as the piston has began to change direction moving back towards TDC. The intake valve will close after the crankshaft minimally rotates after BDC, when the valve closes is dependent on the company/manufacturers design. Once the valve is sealed the air-fuel mixture is trapped inside that area.
Compression Stroke – This stage is called the compression stroke as it compresses the air-fuel mixture forced in to the combustion chamber during the intake stroke. With both inlet and exhaust valves sealed a charge is created within the chamber. Charge is a term used to represent the volume of compressed air-fuel mix that was directed to the chamber. Energy is released when the charge is ignited, ignition is caused by the compression of the air-fuel mixture. The term compression is used to describe the reduction or squeezing of a charge, decreasing the amount of volume, in this example the flywheel maintains the momentum in which the piston travels from BDC to TDC, creating the compression which will later ignite the charge. 
Once the charge is compressed an immediate increase in compressive force is supplied by the piston resulting in the creation of heat, this rise in charge temperature produces faster fuel oxidation/combustion after the ignition. The heating and compression of the air-fuel mix causes an increase in the mixtures vaporisation. Gasoline is the only vapour that ignites. More complete charge burning is possible in the combustion chamber when the increased droplet surface are is exposed to the ignition flame, the increase in this surface area also causes gasoline to release even more vapour. A greater amount of energy is created when more charge vapour molecules are compressed, although less energy is needed than the gain in force when compressing the charge. If a small engine such as the 1.25L Ford were to compress the charge, then it would only require a quarter of the energy produced during combustion. 
Previously in the report, research suggested that an improvement in flow could also increase the fuel efficiency of the engine, this can come down to the engines compression ratio. The compression ratio of the engine is found comparing the volume of the combustion chamber with the piston when at BDC and TDC, this is then combined with the design of the combustion chamber, calculating this will determine the compression ratio, with most petrol engines having a compression ratio between 6:1 and 10:1. For performance it would be ideal to have a high compression ratio as it would increase the force on the piston, sometimes there is a negative as more operating effort is required when starting the engine, but many small engines are fitted with a pressure relief system which occurs during the compression stroke.

Power Stroke – The power stroke takes place after the stage of ignition, the charge ignites and is oxidised at an alarming rate through chemical reaction allowing the release of heat. The fuel combines with oxygen in the atmosphere which causes the energy to be released in the form of heat. The combustion/ignition is rapid as it spreads the flame throughout the combustion chamber, the spark will ignite just before the piston reaches TDC, forcing the piston back down. The boundary wall which separates the by-products from combustion and the charge is known as a flame front, this flame front progresses until no charge remains in the combustion chamber consuming the fuel vapour and oxygen. The ignition caused by the hot expanding gases is what forces the piston away from TDC and back to BDC applying vast amounts of torque to the crankshaft initiating the rotation. Th pressure and size of the piston, along with the throw of the engine is what determines the amount of torque applied on the crankshaft. Both inlet and exhaust valves remain shut during this stage as they do during the compression stroke.
Exhaust Stroke – This stage is when all the air-fuel mixture has been burnt, and all that remains are spent exhaust gases. During this final stroke, the exhaust valve opens with the inlet valve remaining shut while the piston moves from BDC towards TDC due to the rotation of the crankshaft, caused by the ignition from the power stroke. As the piston moves up it forces the exhaust gases/fumes out of the combustion chamber and in to the atmosphere. This is the final stage during a four-stroke engines cycle; this process is then repeated as the camshaft continues to rotate, opening and closing the inlet and exhaust valve in sequence to direct the flow of air/fuel mixture and the burnt mix in and out of each cylinder at the correct times during its cycle. 
[bookmark: _Toc512247084]2.3.2 Air Flows effect on Engine Performance
This section of the report will cover the effect air flow has on engine performance including information on a variety of other methods other than porting which will increase the amount of air is directed towards the combustion chamber through the intake ports. 
When researching in to the effects of air intake, it is clear how many improvements are made. The amount of air which flows through the port can alter many variables of an engines overall performance, all these are beneficial factors and shall be listed below.
When an engine has a high intake pressure, it can increase the engine performance against the applied load, the higher the intake pressure, the more efficient the engines performance. 
Fuel economy - When an engine has a significant amount of air intake pressure it creates a lean air-fuel mixture. Air-fuel ratio directly influences the fuel consumption and therefore having a higher air intake allows more fuel to be burnt efficiently reducing fuel economy.
Fuel Elements – The increase in the supply of air in the cylinder head port means that oxygen levels (02) rise, this improves the combustion process when combining this with the elements of fuel. 
Chemical Reaction – The CO2 emissions rise through optimisation of the chemical reaction caused by oxygen and the carbon levels from fuel, this is caused by higher intake pressure as more oxygen will produce a higher reaction. As well as CO2 the pressure increase from air intake also increases NOx emissions. The formation of NOx is directly proportional to the temperature and maximum pressure during the combustion process. These factors are not improvements as it is not an improvement on vehicle emissions, but this is expected when attempting to increase vehicles volumetric efficiency and power output. 
Energy – Exhaust gas temperature is raised when air intake pressure increases, this is caused by the conversion of chemical energy in to heat energy. 
Pressure – The air intake increases the amount of air sent to the combustion chamber, creating a higher pressure before combustion, causing an increase in the revolution of the camshaft, increasing the rate at which the four-stroke cycle is completed. 
Velocity –Velocity is how the intake of air is recorded, this is converted in to CFM from m^3/s. In theory for every 10CFM forced through the cylinder ports the horsepower should increase by 5. Therefore the air intake also effects and improves the power.

[bookmark: _Toc512247085]2.3.3 How to Record and Collect Air Flow Data
For collecting data by testing the air flow, through or over a component such as a cylinder head, a Flow-Bench is required.
A Flow-Bench records the pressure which travels through the port as well as the flow rate. To use this correctly the cylinder head will be mounted to the bench by clamping the test piece, so the object will not move. The discharge port will be adequately sealed so no air escapes when the flow-bench is on, and testing has begun. The air will be supplied with the flow element measuring the velocity of the air that is travelling through the settling chamber and towards the test port. Values of CFM will then be provided by the Flow-bench to calculate further results such as volumetric efficiency.












[bookmark: _Toc512247086]3.0 Methodology
To begin the investigation on volumetric efficiency, it was essential to choose a suitable cylinder head for testing that met precise specifications and requirements. For this investigation the cylinder head selected was a 1.25L Ford engine, the engine is a small naturally aspirated and compact. It produced reasonable amounts of power and is applied to standard everyday road vehicles, as it is a commercial vehicle the ports of the cylinder head have not been adjusted after manufacturing to increase performance. Cylinder heads that would have gone through any tuning process would most likely have had their ports polished and altered; it would be difficult to make any improvements to the ports of the cylinder head, resulting in either minimal or no gains in volumetric efficiency, power, and performance. As well as all foregoing reasons for choosing this engine, another primary factor for deciding on the 1.25L Ford cylinder head was due to its availability, as it was part of the University’s apparatus, therefore, the head was readily available for testing and the lecturers had ensured that no modifications to the ports had been made. 
To understand the setup of the flow-bench and how it works a diagram has been provided in figure 2. .

[bookmark: _Toc511742409][bookmark: _Toc512229911]Figure 2 Flowbench Diagram

[bookmark: _Toc512247087]3.1 Choice of Cylinder Head
The next step of the process is live testing; this is completed by mounting the cylinder head to a flow bench, testing the port flow and the data collected is used to make comparisons between real data and simulated model on Solidworks. Specific equipment was required for this testing, all machines and equipment are listed below with an explanation of their purpose. 
1. Cylinder Head – The cylinder head undergoes flow bench testing, collecting data to analyse the flow through the ports and aid in calculating volumetric efficiency. 

2. Flow Bench – A flow bench is a machine which allows components to be tested while recording data, this data is then used to calculate variables such as the mass of air passing through or over the element and their volumetric efficiency. The flow bench which is used for this investigation is the SuperFlow SF-600, this is because it is the only accessible flow bench equipment available provided by the University. The flow bench consists of an air supply, flow element, cylinder adapter, a settling chamber, a flow element, blast gate (damper allowing the adjustment of flow rate), and a test port. 

3. Blu-Tac – This will be used to cover any gaps, creating a seal to ensure that there is no leakage of air during testing as this would affect the final results, compromising the validity. 
[bookmark: _Toc512247088]3.2 Flow Bench – Flow Testing
The purpose of using a flow bench is to determine the maximum amount of pressure that passes through the cylinder ports, as well as the measuring the flow rate. The air source provided by the flow bench will create a pressure differential across the cylinder head, this pressure differential is measured using the test pressure meter. When instructed on using the flow bench it was made very clear to introduce the flow of air using one of the valves until the pressure reached the value of 25 and do not exceed this due to calibration purposes.  Once the pressure raised to this value a reading was taken from the flow meter, documented and then the machine was turned off. 
The flow meter measures the percentage of flow through the port, if the flow meter reading was to exceed 90% before the pressure meter reaches 25, the range would be adjusted ranging from 1 up to 6. 
This process was repeated until the flow rate reached its peak, meaning the percentage of flow stopped increasing implying that the port had achieved its maximum flow rate. Three separate flow bench tests were carried out to record data and provide accuracy and validity to this investigation. 


[bookmark: _Toc512247089]3.3 Creating Identical Port on CAD
It would be challenging, and time-consuming to measure the cylinder head port and create an identical copy on SolidWorks, a Continuous Casting Machine (CCM) can be used to scan the object with extremely high accuracy. Unfortunately, the CCM 3D scanning machine provided by the University was under maintenance, and due to time constraints, it was not feasible. As precise dimensions were not able to be collated this was a hindrance to the continuation of the investigation. 
Another 3D scanning machine using laser points was available in the university workshop, this would require a mould of the cylinder port. A fifty-fifty mixture was stirred thoroughly and poured in to the cylinder head port; this mixture needed 24 hours to set before being extracted. The extraction process was arduous and time-consuming taking many hours. To remove the mould from the port without damaging and altering the configuration and reliability of the mould, WD-40, knives and flat head screwdrivers were used. The mould was then handed over to the workshop technicians so it could be scanned and a “point cloud xyz” file was uploaded online, and then opened in SolidWorks. 
[bookmark: _Toc512247090]3.4 First Draft 
From the “point cloud xyz” file on SolidWorks, it was then possible to create a three-dimensional replica of the cylinder port around the point cloud mesh. This process was complicated as a lot of trial and error was involved to create suitable planes to continuously improve the design to replicate the mesh as much as possible. Below is an image of the first draft when beginning the process. [bookmark: _Toc511742410][bookmark: _Toc512229912]Figure 3 Pointcloud Mesh First Draft


The image above shows the mesh as a solid piece; planes were created to attempt to view the mesh at various angles that would allow the boss extrusion and cutting. Figure 3 and Figure 4 are showing how sketches were used to create a first draft shape around the cylinder port mould before continuous editing was carried out.[bookmark: _Ref511742268][bookmark: _Toc511742411][bookmark: _Toc512229913]Figure 4 Boss Extrude, First Draft

As this was the first draft it was not going to be an ideal representation of the cylinder port; many complications arose while progressing further in to the design, these complications restricted progress causing sketches to be misinterpreted and dimensions to be inaccurate. While these difficulties caused issues, it also helped create ideas of how the design could be made through a simpler process. 

[image: ]
[bookmark: _Toc512229914]Figure 5: Boss Extrude, First Draft

From the pictures above we can see that the model designed was a step closer to replicating the mesh with every adjustment that was carried out. Unfortunately due to where the planes were created, improving the design and gaining greater accuracy was not possible. One advantage of this first draft was the ability to identify where the planes had been placed incorrectly and how sketches had been bossed/based and cut extruded or swept. A thin sweep feature was used to create the arched shape of the tubes which join together to form the cylinder port shape, roughly replicating the point cloud data shape. Resulting in an improved second attempt while reproducing the cylinder head inlet port. [bookmark: _Ref511742280][bookmark: _Toc511742412][bookmark: _Toc512229915]Figure 6 Boss Extrude, First Draft

[bookmark: _Toc512247091]3.5 Second Draft
[image: ]
[bookmark: _Toc512229916]Figure 7:Design 2
During the second attempt, the planes were positioned at different angles allowing sketches to provide a better representation of the point cloud data in comparison to the previous draft. Similar features were applied when designing this version of the cylinder head inlet port, extruded boss/base, extruded cuts, and cut sweeps were all used. Features such as cut sweep-thin and filleting were included to improve the design by increasing the thickness of the walls resulting in a smoother surface finish on the port. These adjustments were minimal when increasing the ports thickness as minimising the area was not something that was necessary. This method would not usually be carried out but was used as a simple and effective way of creating a smoother surface inside the port, as the way the model was created made it difficult and near enough impossible to improve the surface. 







[bookmark: _Toc512247092]3.6 Final Draft
[image: ]This third draft was an attempt at improving the cylinder ports volumetric efficiency. To make a substantial increase the methods of porting researched were applied to SolidWorks CAD, making the inside of the port much smoother. To complete these adjustments most of the excess material located internally on the design had been removed; this was done through the entire design. Most modifications were carried out on the top half of the port as this was the area of greatest restriction for producing large amounts of air flow, boss extruding sketches minimising the size of the inside of the port slightly, along with making large modifications to the surface to help air flow at a higher rate. The wall thickness inside the pipes on the bottom half of the port were also altered so the surface was smoother. [bookmark: _Toc512229917]Figure 8: Final Draft









[bookmark: _Toc512247093]3.7 Formulas and Calculations
SolidWorks Flo-X simulation software is used to calculate the flow of a liquid or gas travelling through or over a piece of apparatus. In this investigation, the component undergoing flow simulation is a three-dimensional design of a cylinder port from a 1.25L Ford Engine. SolidWorks will provide data which must then be converted and used in formulas to discover different variables.
A vast amount of formulas were required to calculate data relevant to the investigation. All formulas and calculations will be expressed below.

[bookmark: _Toc512247094]3.7.1 Converting Velocity in to CFM
CFM or ft^3/min (Cubic-Foot per Minute) is the unit obtained from a Flow-bench when the flow of air is recorded. SolidWorks Simulation provides the velocity the air travels at through certain apparatus, but the results are presented in the units, metres cubed per second (m^3/s). To accurately compare simulation values with those acquired from live testing, the values must be converted to the correct units. The conversion rate is provided below:
1 m^3/s = 2118.88 ft^3/min 
CFM values recorded from cylinder head ports, especially from small engines are not this large. This is possible to see from the results acquired during live testing. The values provided by SolidWorks in m^3/s were minimal, an example would be 0.0298 which was calculated from the final design with the valve open at 2mm. Using this conversion rate we multiply 0.0298 by 2118.88. 
0.0298 X 2118.88 = 63.142624 CFM
This means with the valve open at 2mm the cylinder head inlet port has 63.14 cubic feet per minute of air flowing towards the combustion chamber. This conversion rate was used for every velocity value provided by the simulation software.


[bookmark: _Toc512247095]3.7.2 Calculating Litres per Second of Flow
When recording flow results during a live test, a percentage of flow in litres per second is recorded, this acts as a guide so the person operating the machine is aware of when to change the intake range. This is important as the device could break if it exceeds a percentage of 90. Neither a percentage nor value of litres per flow is calculated when simulating the flow on SolidWorks; this means that it must be calculated to make comparisons. Providing a theoretical percentage for when the range would need increasing if the improved modifications were carried out on a Flow Bench would be beneficial. 
The litres per second (l/s) of flow can also be calculated using the velocity (m^3/s).
1 l/s = 0.001 m^3/s
Using the same value provided during the explanation of converting m^3/s to ft^3/min we will find the value of l/s from m^3/s.
10l/s = 0.01 m^/s
0.0298 = 29.8 l/s

[bookmark: _Toc512247096]3.7.3 Calculating Litres per Second of Flow as a Percentage
The percentage of Flow is given when testing a piece on the Flow-bench, but when sim testing designs the percentages must be calculated. To gain a percentage value, the flow measured in litres per second must be divided by its range value. Example:
Flow = 13.12 l/s 
Range = 16.5 
% of Flow = 13.12 ÷ 16.5 = 82%








[bookmark: _Toc512247097]3.8 Flow Simulation 
Images showing the process of simulating the flow of a test piece on SolidWorks will be allocated below.
[bookmark: _Toc512247098][image: ]3.8.1 Flow Simulation Setup


The image above shows the first stages of the flow simulation process. 
First, we must select the SolidWorks Add-ins section and click Flow Simulation, both highlighted red.
Then we must go to tools on the toolbar at the top of the screen, select Flow Simulation, then project, and finally wizard. 






[image: ]

This box will appear on the screen, continue through each option by selecting ‘next’, other images will be provided in the appendices. Once arriving to this section, select ‘Gases’ then ‘Air’ and add. Continue by selecting next until arriving at the last section and selecting ‘finish’.
[image: ]

Using this toolbar, we will apply lids to both open ends so the simulation knows what parameters it is flow testing within. Once the lids have been applied it is time to set boundary conditions.
















A flow simulation icon will pop up on the side of the screen (red).
[image: ]Then select ‘Boundary Conditions’ and ‘Insert’.

When inserting the boundary conditions select environmental pressure and set pressure, found under thermodynamic parameters to 9000 Pa. This will create a pressure drop forming flow resembling the flow of the flow-bench in the workshop. Select the inside face of one lid for the boundary conditions and click the green arrow, then repeat the same process and select the other lid (inside face), this is to keep the flow inside the computational domain.
[image: ]
















Select Goals, then insert surface goals. Select the correct surface and tick the box for Volume Flow Rate. Once this is selected, it is ready to begin flow simulation. 
To begin, right click project and select run. 


[image: ]









Right click on results, scroll to goal plot, right click and select insert. 
Once this has been selected tick the box ‘All’ and proceed. 
[image: ]
Results will be displayed below, and select the value which is not a minus value. This is your velocity measured in m^3/s which will later be converted to CFM using the calculations provided. 
Valve lift will be increased 0.5mm for each run, once the lift has been altered rerun the simulation to obtain other results. 
3.8.2 [bookmark: _Toc512247099]Flow Trajectories

[image: ]
To show flow trajectories, we must right click on flow trajectories and select insert, then select the inside face of a lid. 
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Select the face then select what you want the trajectories to represent (density, velocity, or pressure) and choose what form you would want them to be displayed.

[image: ]
If all steps are completed correctly, then the result should display something similar to the image above. This image shows the velocity travelling through the test piece. 












[bookmark: _Toc512247100]4.0 Results
In this section, all recorded data and calculated values will be placed in tables and listed below in the relevant section. During flow simulation on CAD, pressure found under thermodynamic parameters had a value of 9000 Pa (Pascal), this was the value used for every sim test run when collecting data. 
	



















[bookmark: _Toc512247101]4.1 Live Test 
[bookmark: _Toc512229930]Table 2: Flow-Bench Results
	Range
	Valve Lift (mm)
	Flow Litres Per Sec (%)
	Flow Rate (Litres Per Sec)
	Range Value
	Flow Rate (CFM)

	1
	0
	0
	0
	16.5
	0 

	1
	0.5
	16
	2.56
	16.5
	5.4272

	1
	1
	49
	7.84
	16.5
	16.6208

	1
	1.5
	82
	13.12
	16.5
	27.8144

	2
	2
	58.5
	19.42
	33.2
	41.1704

	2
	2.5
	75.4
	25.03
	16.5
	53.0636

	3
	3
	44
	30.66
	69.7
	64.9992

	3
	3.5
	50.5
	35.2
	69.7
	74.624

	3
	4
	56
	39.03
	69.7
	82.7436

	3
	4.5
	61
	42.52
	69.7
	90.1424

	3
	5
	65
	45.31
	69.7
	96.0572

	3
	5.5
	67
	46.7
	69.7
	99.004

	3
	6
	68
	47.4
	69.7
	100.488

	3
	6.5
	68.5
	47.74
	69.7
	101.2088

	3
	7
	68.5
	47.74
	69.7
	101.2088

	3
	7.5
	68.5
	47.74
	69.7
	101.2088

	3
	8
	68.5
	47.74
	69.7
	101.2088


[bookmark: _Toc512229918]Figure 9: Flow Bench CFM vs Valve Lift


[bookmark: _Toc512247102]4.2 CAD Replica Sim Test (Leak Results)
[bookmark: _Toc512229931]Table 3: CAD Port Design (Leak)
	Range
	Valve Lift (mm)
	Flow Litres Per Sec (%)
	Flow Rate (Litres Per Sec)
	Range Value
	Flow Rate (CFM)

	1
	0
	37
	6.1
	16.5
	12.925168

	1
	0.5
	37
	6.1
	16.5
	12.925168

	2
	1
	65.1
	26
	33.2
	45.767808

	3
	1.5
	52
	35.6
	69.7
	75.432128

	3
	2
	56
	38.7
	69.7
	82.000656

	3
	2.5
	60.1
	41.9
	69.7
	88.781072

	3
	3
	65.3
	45.5
	69.7
	96.40904

	3
	3.5
	69.3
	48.3
	69.7
	102.341904

	3
	4
	73
	50.6
	69.7
	107.215328

	3
	4.5
	76
	52.9
	69.7
	112.088752

	3
	5
	79
	55
	69.7
	116.5389

	3
	5.5
	81.5
	56.8
	69.7
	120.352384

	3
	6
	84
	58.3
	69.7
	123.530704

	3
	6.5
	86.2
	60.1
	69.7
	127.344688

	3
	7
	89
	61.7
	69.7
	130.734896

	3
	7.5
	90
	62.8
	69.7
	133.065664

	4
	8
	46.3
	64
	138.2
	135.60832

	4
	8.5
	46.31
	64.2
	138.2
	136.02356

	4
	9
	46.31
	64.2
	138.2
	136.02356


[bookmark: _Toc512229919]Figure 10: CAD Sim Test (Leak)


[bookmark: _Toc512247103]4.3 CAD Replica Sim Test (No Leak) 
[bookmark: _Toc512229932]Table 4: CAD Design Port (No Leak)[bookmark: _Toc512229920]Figure 11:CAD Sim Test (No Leak)

	Range
	Valve Lift (mm)
	Flow Litres Per Sec (%)
	Flow Rate (Litres Per Sec)
	Range Value
	Flow Rate (CFM)

	1
	0
	0
	0
	16.5
	0

	1
	0.5
	0
	0
	16.5
	0

	2
	1
	47
	15.5
	33.2
	32.84264

	3
	1.5
	42.3
	29.5
	69.7
	62.50696

	3
	2
	47
	32.6
	69.7
	69.075488

	3
	2.5
	51.4
	35.8
	69.7
	75.855904

	3
	3
	57
	39.4
	69.7
	83.483872

	3
	3.5
	61
	42.2
	69.7
	89.416736

	3
	4
	64
	44.5
	69.7
	94.29016

	3
	4.5
	67.1
	46.8
	69.7
	99.163584

	3
	5
	70.1
	48.9
	69.7
	103.613732

	3
	5.5
	73
	50.7
	69.7
	107.427216

	3
	6
	75
	52.2
	69.7
	110.605536

	3
	6.5
	77.5
	54
	69.7
	114.41952

	3
	7
	80
	55.6
	69.7
	117.809728

	3
	7.5
	81.3
	56.7
	69.7
	120.140496

	3
	8
	83.1
	57.9
	69.7
	122.683152

	3
	8.5
	83.4
	58.1
	69.7
	123.098392

	3
	9
	83.4
	58.1
	69.7
	123.098392


[bookmark: _Toc512247104]4.4 CAD Final Improved Design Sim Test 
[bookmark: _Toc512229933]Table 5: Final Design Sim Test Data
	Range
	Valve Lift (mm)
	Flow Litres Per Sec (%)
	Flow Rate (Litres Per Sec)
	Range Value
	Flow Rate (CFM)

	1
	0
	0
	0
	16.5
	0

	1
	0.5
	0.6
	0.11
	16.5
	0.2330768

	1
	1
	38.7
	6.41
	16.5
	13.560832

	2
	1.5
	61.4
	20.4
	33.2
	43.225152

	2
	2
	89.8
	29.8
	33.2
	63.142624

	3
	2.5
	55.8
	38.9
	69.7
	82.424432

	3
	3
	68
	47.4
	69.7
	100.434912

	3
	3.5
	78.2
	54.5
	69.7
	115.4746

	3
	4
	87.7
	61.1
	69.7
	129.463568

	4
	4.5
	49.4
	68.3
	138.2
	144.719504

	4
	5
	53.7
	74.2
	138.2
	157.220896

	4
	5.5
	58
	80.1
	138.2
	169.722288

	4
	6
	61.1
	84.4
	138.2
	178.833472

	4
	6.5
	63.7
	88
	138.2
	186.46144

	4
	7
	66.4
	91.8
	138.2
	194.513184

	4
	7.5
	68.5
	94.7
	138.2
	200.657936

	4
	8
	70.8
	97.8
	138.2
	207.226464

	4
	8.5
	72.4
	100
	138.2
	211.888

	4
	9
	73.7
	101.8
	138.2
	215.7019854

	5
	9.5
	75
	103.6
	219.6
	219.515968

	5
	10
	75.8
	104.8
	219.6
	222.058624

	5
	10.5
	76.2
	105.3
	219.6
	223.118064

	5
	11
	76.5
	105.7
	219.6
	223.965616

	5
	11.5
	77.1
	106.5
	219.6
	225.66072

	5
	12
	77.1
	106.5
	219.6
	225.66072


[bookmark: _Toc512229921]Figure 12: Final CAD Port CFM vs Valve Lift







Flow Test Data Comparison
[bookmark: _Toc512247105]4.5 Flow Rate CFM Comparison
[bookmark: _Toc512229934]Table 6: Data Comparison - All Tests
	Valve Lift (mm)
	Live Test CFM
	CAD Design (Leak) CFM
	CAD Design (No Leak) CFM
	CAD Improved CFM

	0
	0
	12.925168
	0
	0

	0.5
	5.4272
	12.925168
	0
	0.2330768

	1
	16.6208
	45.767808
	32.84264
	13.560832

	1.5
	27.8144
	75.432128
	62.50696
	43.225152

	2
	41.1704
	82.000656
	69.075488
	63.142624

	2.5
	53.0636
	88.781072
	75.855904
	82.424432

	3
	64.9992
	96.40904
	83.483872
	100.434912

	3.5
	74.624
	102.341904
	89.416736
	115.4746

	4
	82.7346
	107.215328
	94.29016
	129.463568

	4.5
	90.1424
	112.088752
	99.163584
	144.719504

	5
	96.0572
	116.5389
	103.613732
	157.220896

	5.5
	99.004
	120.352384
	107.427216
	169.722288

	6
	100.488
	123.530704
	110.605536
	178.833472

	6.5
	101.2088
	127.344688
	114.41952
	186.46144

	7
	101.2088
	130.734896
	117.809728
	194.513184

	7.5
	101.2088
	133.065664
	120.140496
	200.657936

	8
	101.2088
	135.60832
	122.683152
	207.226464


[bookmark: _Toc512229922]Figure 13 Flow Test Data comparison



[bookmark: _Toc512247106]4.6 Trajectories Improved Port Design
[bookmark: _Toc512247107][image: ]4.6.1 Velocity (m/s)[bookmark: _Toc512229923]Figure 14 Flow Trajectory Velocity

[image: ][bookmark: _Toc512229924]Figure 15: Flow Trajectory Velocity

[bookmark: _Toc512247108][image: ]4.6.2 Pressure (Pa)[bookmark: _Toc512229925]Figure 16: Flow Trajectory Pressure

[image: ][bookmark: _Toc512229926]Figure 17 Flow Trajectory Pressure


[bookmark: _Toc512247109]4.6.3 Density Of Air (kg/m^3)[bookmark: _Toc512229927]Figure 19: Flow Trajectory Density
[bookmark: _Toc512229928]Figure 18: Flow Trajectory Density

[image: ][image: ]
[bookmark: _Toc512247110]4.7 Volumetric Efficiency Calculations 
Using the calculations discovered from research the volumetric efficiency for all tests have been calculated. The chosen equation for the Volumetric Efficiency was:
VE = (CFM X (Stroke X Conversion Factor)) ÷ (CID X RPM)
[bookmark: _Toc512247111]4.7.1 Flow Bench Test VE
Using the results acquired the volumetric efficiency will be calculated, refer to table 2 and figure 9 for data.
VE = (101.2088 X (2 X 1728)) ÷ (1.25 X 6000)
VE = (101.2088 X 3456) ÷ 7500
VE = 349777.6128 ÷ 7500
VE = 46.63701504%
[bookmark: _Toc512247112]4.7.2 CAD Port Test VE (Leak)
Calculations for the valve at 8mm and valve at 9mm (peak value) are provided.
8mm Valve VE:	
VE = ((135.60832 X (2 X 1728) ÷ (1.25 X 6000)
VE = (135.60832 X 3456) ÷ 7500
VE = 468662.345 ÷ 7500
VE = 62. 4883139%
9mm Valve VE (Peak):
VE = ((136.02356 X (2 X 1728) ÷ (1.25 X 6000)
VE = (136.02356 X 3456) ÷ 7500
VE = 470,097.423 ÷ 7500
VE = 62.6796564%


[bookmark: _Toc512247113]4.7.3 CAD Port Test VE (No Leak)
Calculations for valve lift at both 8 and 9mm were calculated.
8mm Valve VE:
VE = ((122.683152 X (2 X 1728) ÷ (1.25 X 6000)
VE = (122.683152 X 3456) ÷ 7500
VE = 423992.9733 ÷ 7500
VE = 56.53239644%
9mm Valve VE (Peak):
VE = ((123.098392 X (2 X 1728) ÷ (1.25 X 6000)
VE = (123.098392 X 3456) ÷ 7500
VE = 425428.043 ÷ 7500
VE = 56.723739%
[bookmark: _Toc512247114]4.7.4 Final CAD Design Port VE
The Volumetric Efficiency for this design was calculated at 8mm for comparison and 12mm for its peak value.
8mm Valve VE:
VE = ((207.226464 X (2 X 1728) ÷ (1.25 X 6000)
VE = (207.226464 X 3456) ÷ 7500
VE = 716174.6596 ÷ 7500
VE = 95.48995461%
12mm Valve VE: 
VE = ((225.66072 X (2 X 1728) ÷ (1.25 X 6000)
VE = (225.66072 X 3456) ÷ 7500
VE = 779883.448 ÷ 7500
VE = 103.98446%
[bookmark: _Toc512247115]4.8 Converting CFM to Horsepower
Theoretically for every 10cfm of air that flows through the cylinder port 5 break horsepower can be gained. To calculate the maximum horsepower produced by the engine we divide the cfm by 2. 
Live Test Horsepower at 8mm valve lift = 101.2088 ÷ 2 = 50.244 bhp
CAD (Leak) Test Horsepower at 8mm valve lift = 135.60832 ÷ 2 = 67.80416 bhp
CAD (No Leak) Test Horsepower at 8mm valve lift = 122.683152 ÷ 2 = 61.341576 bhp
Final Design Test Horsepower at 8mm valve lift = 207.226464 ÷ 2 = 103.613232 bhp.
From these values, it is clear there is a significant increase in power.














[bookmark: _Toc512247116]5.0 Analysis
[bookmark: _Toc512247117]5.1 Live Flow Test
When analysing these results, we refer back to table 2 and figure 9.
When live testing a cylinder head port on a flow-bench the lift of the valves (diameter) are increased 0.5mm a time to calculate its flow at different lifts. The table above shows how the valve lift had been raised up to 8mm before the machine was turned off, this was done as the flow rate values recorded in CFM had reached its peak. All values from 6.5mm to 8mm were identical. Although the CFM flow rate had peaked at 6.5, this was only discovered after flowing the cylinder head port with increased valve lifts, informing it had reached its maximum flow value. The test was a successful one as there were no leaks throughout. 
The Peak flow rate recorded in CFM was 101.2088 and obtained a flow percentage of 68.5.
During the live test the Flow Percentage, which is recorded in litres per second, was given and was an indication of when to change the range, as exceeding this could break the machine. Additional to this it was essential to make sure the test pressure did not exceed 25 inches of h20 (water) if the flow percentage hadn’t reached a high value, as this was an accurate representation and the continuation could cause problems with the calibration.
To calculate the flow in litres per second, the flow rate CFM had to be converted to m^3/s first. Using the calculations found from extensive research flow could be found in l/s. 
Example:
Using the CFM value at 6mm valve lift the flow rate will be converted to l/s.
Valve Lift 6mm = 100.488 CFM
100.488 CFM ÷ 2118.88 = 0.04742505 m^3/s
The conversion rate of m^3/s to l/s is:
0.001 m^3/s = 1 l/s
0.047442505 m^3/s = 47.4 l/s (1dp)

The graph above provides a basic understanding of the correlation between Valve Lift (mm) and Flow Rate (CFM). As the valve lift is opened in 0.5mm increments the flow of air becomes greater. The plots on the graph produce a nice curve, showing a gradual rise in CFM and no anomalies. The points indicate a steady, consistent increase in CFM up to 3mm valve lift, then the increase in CFM per 0.5mm increment becomes smaller.  




[bookmark: _Toc512247118]5.2 Simulation Flow Test 1 (Leak)
Refer to table 3 and figure 10 for the results analysed.
These results were gathered from the simulation test on SolidWorks. The data acquired from the simulation test was velocity in the unit m^3/s, a value was recorded at every 0.5mm lift of the valve replicating the methods carried out in live testing, this would allow accurate comparison of the data. The simulation would run after every increment, and the velocity reading noted down and later on converted in to CFM. 
One design flaw during the simulation was the inability to fix the leaking in the design, therefore when the valve closed (0mm) there was still a CFM reading of 12.925168, this was calculated by multiplying 0.0061m^3/s by 2118.88. This was done for every reading until the cylinder head port had reached its maximum intake of flow, 136.02356.
Unlike the flow-bench, SolidWorks flow does not provide any flow percentages or indicate when the ranges would be altered during a live test, these were calculated to help compare results to discover improvements and anomalies. 
Flow Percentage:
Flow is required in l/s to calculate the percentage. 
Using the same value from the shut valve (0mm) examples of calculations are provided below. 
0.0061 m^3/s = 6.1l/s 
The value of flow in l/s is 6.1, using the table of ranges we can identify whether the percentage will be above 90% and if the range needs to increase. 
The flow rate is divided by the range. If the value is above the range value then it is clear the range will need increasing. (Range 1 = 16.5)
 Flow % = (Flow l/s ÷ Range) x100
Flow % = (6.1 l/s ÷ 16.5) x100
Flow % = 0.36969697 x 100
Flow % = 36.969697 = 37% (2dp)
If the flow rate (l/s) was 26, the value obtained at 1mm valve lift, then it is clear this is above the capabilities of range 1. The range is increased from range 1 (16.5) to range 2 (33.2). Range 1 = 16.5, Range 2 = 33.2, Range 3 = 69.7, Range 4 = 138.2, Range 5 = 219.6, Range 6 = 284.6
Flow % = (26 ÷ 16.5) x 100 = 157.6%
This value is impossible. 
Flow % = (26 ÷ 33.2) x 100 = 65.1%
This percentage is an acceptable value and is an accurate representation of the percentage of flow travelling through the cylinder intake port. 
A noticeable difference from the table and graph is the increase in valve lift (mm) before the port reaches its peak flow rate. The valve opens to 9mm, an extra two raises in increment before it is stuck at its maximum CFM. 
From the graph, we can see the anomaly instantly which is caused by the leak, a flaw in the first design of the cylinder port. The CFM begins at 12.925168 when it should start at 0 and raise gradually. This is not the only noticeable anomaly presented in the graph, as the CFM values from valve lift 0.5 to 1.5 increase dramatically before the plots provide a trend of the flow rate. 
Despite certain flaws (leak) which are found in the design it is clear to see that the CFM readings have improved when comparing to the results accumulated from testing the cylinder head on the flow bench. This was not intentional as the purpose of this test was to replicate the cylinder port and gain similar values. It was a complicated process to accurately reproduce the design and surface of the port which explains the increased CFM, but I do believe if the dimensions of the CAD model were identical then the simulated results would be extremely close if not similar. 
If the dimensions were correct and no air escaped the port due to leakage, it would have efficient and reliable results which would allow accurate comparisons and prove that SolidWorks can improve the manufacturing process. 




[bookmark: _Toc512247119]5.3 Simulation Flow Test 2 (No Leak)
For results refer to table 4 and figure 11.
These results were gathered from the simulation test on SolidWorks. The data acquired from the simulation test was velocity in the unit m^3/s, a value was recorded at every 0.5mm lift of the valve replicating the methods carried out in live testing, this would allow accurate comparison of the data. The simulation would run after every increment, and the velocity reading noted down and later on converted in to CFM. 
The table and results were all calculated by subtracting the CFM value of the leak in the previous design (12.925168). It was not possible to locate the source/point of leakage on the cylinder port. Therefore this value was subtracted to give more accurate results that would be closer to the data calculated from live testing. Subtracting the CFM value from all other flow rate data was a fundamental task which was not time-consuming as it is a simple procedure, but due to changes in CFM readings all other data such as flow rate (l/s), flow rate (%), and ranges also needed re-calculating. 
From this method we can expect the graph to display an identical rise in CFM and trend line, the only noticeable difference would be the lower values of CFM. An example of this is provided below using data acquired with valve lift open at 1mm. 
Flow Rate with Leak (CFM) – Leak Value (CFM) = Correct Flow Rate (CFM)
45.767808 – 12.925168 = 32.84264 CFM
Flow Percentage:
Flow is required in l/s to calculate the percentage. 
Using the valve lift 1mm examples of calculations are provided below. 
32.84264 ÷ 2118.88 = 0.0155 m^3/s
0.0155 m^3/s = 15.5 l/s
The value of flow in l/s is 15.5, using the table of ranges we can identify whether the percentage will be above 90% and if the range needs to be increased. 
The flow rate is divided by the range. If the value is above the range value then it is clear the range will need increasing. Range 1 = 16.5, Range 2 = 33.2, Range 3 = 69.7, Range 4 = 138.2, Range 5 = 219.6, Range 6 = 284.6
Flow % = (Flow l/s ÷ Range) x100
Flow % = (15.5 l/s ÷ 16.5) x100
Flow % = 0.93939394 x 100
Flow % = 93.939394 = 93.94% (2dp)
15.5 is above 90% of flow and therefore range 2 would be used instead of range 1 on a flow-bench. 
Flow % = (15.5 ÷ 33.2) = 0.46686747
Flow % = 0.46686747 x 100 = 46.69%
This was done for each 0.5mm increase in valve lift. 
When subtracting 12.925168 from the max flow rate at 8mm from the leaked values we have a CFM reading of 122.683152, this is substantially lower as 12CFM has been subtracted, resulting in the range remaining at 3, but the percentage of flow is 83.1% in comparison to the live tests 68.5%. Although values have been reduced, the replicated design on SolidWorks has 21.474352 cfm of air flowing through the port, and a more significant flow of 14.6%
As expected the graph produced clearly exhibits the same anomalies that were discovered in the first set of simulated results, this ensures that all recalculations were carried out successfully when obtaining the data. After analysing both sets of an assumption has been made that the reason there is no results for flow when the valve lift is 0.5mm is caused by a flaw in the design of the valves. At 0.5mm lift the shape and design of the valves are possibly still filling the hollow section of the port, preventing any air from escaping, recording no data. This is a flaw which was established after all tests had finished, even with this design flaw it is accurate to state the value of flow at 0.5mm lift would be minimal and wouldn’t have a considerable influence on the graph.


[bookmark: _Toc512247120] 5.4 Final Design Sim Test
For results refer to table 5 and figure 12.
These results were gathered from the simulation test on SolidWorks. The data acquired from the simulation test was velocity in the unit m^3/s, a value was recorded at every 0.5mm lift of the valve replicating the methods carried out in live testing, this would allow accurate comparison of the data. The simulation would run after every increment, and the velocity reading noted down and later on converted in to CFM. 
The first factor I believe really emphasises the improvement of flow is how the CFM values do not peak until they reach a valve lift of 12mm, which is 6mm more than the cylinder port tested on the flow bench, and 3.5mm more than the original port mould design from SolidWorks. This already shows slight improvements before analysing the CFM values. 
When looking at the flow rate (cfm) we can already see the adjustments making an impact as data for flow at 0.5mm valve lift has been calculated. Additional to this the maximum value of flow (peak) of the improved design is 225.66072 cfm, this is a massive increase in comparison to all previous tests, being the only set of results with a flow rate exceeding 200 cfm. 
Flow Percentage:
Flow is required in l/s to calculate the percentage. 
Using the valve lift 2mm examples of calculations are provided below. 
63.142624 ÷ 2118.88 = 0.0298 m^3/s
0.0298 m^3/s = 29.8 l/s
The value of flow in l/s is 29.8, using the table of ranges we can identify whether the percentage will be above 90% and if the range needs to be increased. 
The flow rate is divided by the range. If the value is above the range value then it is clear the range will need increasing. Range 1 = 16.5, Range 2 = 33.2, Range 3 = 69.7, Range 4 = 138.2, Range 5 = 219.6, Range 6 = 284.6
Flow % = (Flow l/s ÷ Range) x100
Flow % = (29.8 l/s ÷ 33.2) x100
Flow % = 0.89759036 x 100
Flow % = 89.76 = 93.94% (2dp)
This was done for each 0.5mm increase in valve lift. 
The graph for these results presents a gradual curve throughout the graph, with a steady increase until reaching its maximum flow limit. All CFM readings were used to calculate all other variables allocated in the table. The plots on this graph follow a similar pattern to all previous test graphs as the difference in cfm values per 0.5mm valve lift decreases each increment. 



Comparison of All Test Results
Refer to table… and figure…
The live test data is used to make comparisons with data collected from SolidWorks flow simulation to prove and validate improvements in cylinder intake port flow, these values are essentially used as guidelines. The valve reaches its peak at 6mm and the valve lift at 8mm producing a flow rate of 101.2088CFM and a flow percentage of 68.5 at range 3. 
The value of CFM at 8mm valve lift during this test is 135.60832, with a flow percentage of 46.3% in range 4. This is a range higher than the live test and also produces an additional 34.39952 CFM. This was not an intentional increase but exhibits how the flow rate would improve from correct port and polishing methods.
When subtracting 12.925168 from the max flow rate at 8mm from the leaked values we have a CFM reading of 122.683152, this is substantially lower as 12CFM has been subtracted, resulting in the range remaining at 3, but the percentage of flow is 83.1% in comparison to the live tests 68.5%. Although values have been reduced, the replicated design on SolidWorks has 21.474352 cfm of air flowing through the port, and a greater flow by 14.6%.
The maximum CFM value recorded at 8mm valve lift was 207.226464, when comparing this to the previous results from leaked port and non-leak it is an extortionate increase in flow rate. This was also in range 4 similar to the leaked port results, but its flow rate percentage was 70.8%, far greater than that of the original CAD design. 
The graph provides the results from all four flow tests up to 8mm valve lift, showing the differences in flow rate (cfm) against valve lift (mm). As expected the live test and the final design both have a consistent rise in cfm throughout from 0.5mm valve lift, the point for the final design is not visible on the graph as the value is so small, but when referring back to the table of results this proves it does have a value of flow. The first design of the cylinder port mould on SolidWorks, both leaking and non-leaking increase dramatically once the valve opens at 1mm, while the live and final design test results show a slower gradual increase. 








[bookmark: _Toc512247121]5.5 Flow Trajectory Analysis
[bookmark: _Toc512247122]5.5.1 Velocity
Figures 14 and 15 display the velocity the air is travelling through the final port design, showing how the air escaping the valve creates a swirl. It allows us to see what point the velocity of air is at its greatest value, located at the front end of the cylinder port and as it leaves due the lift of the valve.
[bookmark: _Toc512247123]5.5.2 Pressure
Figures 16 and 17 display the constant pressure of air which is forced through the cylinder port, this pressure is constantly at 9000Pa as that is the value set on SolidWorks, this creates a pressure drop allowing the simulation of flow similar to the flow-bench. 
[bookmark: _Toc512247124]5.5.3 Density 
The density of air is displayed through flow trajectories in figures 18 and 19. This shows how the density of air changes at different points in the port. The first section of the port has extremely dense air as it is being forced in to the cylinder port, this air density decreases the further the air travels down the port. The air becomes less dense due to the design of the cylinder port, with adjustments made to reduce the density and increase the rate of flow through the port. 


[bookmark: _Toc512247125]5.6 Volumetric Efficiency
[bookmark: _Toc512229935][image: ]Table 7: Volumetric Efficiency








Flow-bench VE:
VE = 46.63701504%
CAD Port Design (Leak) VE:
        VE (8mm lift) = 62.4883139%
        VE (9mm lift, peak) = 62.6796564%
CAD Port Design (No Leak) VE: 
        VE (8mm lift) = 56.53239644%
        VE (9mm lift, peak) = 56.723739%
Final Port Design VE:
        VE (8mm lift) = 95.48995461%
        VE (12mm lift, peak) = 103.98446%
All results listed above are calculated volumetric efficiency percentages which exhibit the improvements made to the cylinder port on SolidWorks. By using table 7 we can see how efficient the modifications and adjustments were. 
All results for flow-bench, CAD port design (leak), and CAD port design (no leak) are below the maximum volumetric efficiency of a modern stock engine, this is expected as all data was calculated based on a 1.25L stock Ford engine. The results have proven to be successful as they have all remaining under stock engine requirements, although the computer aided design ports were slightly more efficient they were accurate enough to provide a reliable representation of the live test data when comparing values. The modifications made to the port mould were successful, not only meeting the requirements of a slightly modified engine. Cylinder porting can only increase an engines volumetric efficiency to an extent and therefore the results show this increase is very significant while providing clear improvements to the cylinder ports design. 







[bookmark: _Toc512247126]5.7 Increase in Power
From the results calculated it is clear to see how much power can be influenced by the standard of the cylinder port. The adjustments carried out on the cylinder port created doubled the amount of horsepower that was calculated from the live test. This is also another beneficial factor of cylinder porting and polishing, displaying how much more efficient an engine can be when modifications are made to increase the intake of air through ports. 



[bookmark: _Toc512247127]6.0 Conclusion 
The purpose of the investigation was to discover if volumetric efficiency and power could be increased through the application of port and polish on a cylinder head port. During this investigation vast amounts of data was acquired and many calculations carried out to prove this theory. After analysing all the results it is acceptable to propose creating adjustments through a three-dimensional computer aided design programme will lower manufacturing costs and minimise the time consuming process. If modifications are applied through this programme before manufacturing it eliminates the need to carry out the port and polish method manually on a cylinder head, risking damage and not knowing what the outcome of these adjustments will effect. To establish efficient results and an increase in volumetric efficiency the programme SolidWorks allows the calculation of all variables so port and polish may be carried out accurately and more importantly increase the vehicles overall performance. 
The comparison of results from flow-bench testing and simulation testing provided validity, exhibiting how much a vehicles engine performance can improve through increasing the intake of air. There may be negatives when analysing emissions if the ports are increased, but this is not an issue as the main objective of the investigation is to increase the vehicles flow of air, resulting in greater volumetric efficiency and more break horsepower. 
Although the dimensions of the cylinder port created based on the scanned mesh were not completely accurate, the values were reliable enough to make effective modifications and improve the factors under investigation. 
The volumetric efficiency and break horsepower were both dramatically increased through SolidWorks, if these modifications were applied to a cylinder head port and tested on a flow bench, there is no doubt that the results would be similar to those of which were calculated throughout this investigation. The results realistically would not be as successful as stated by the SolidWorks calculations, but it shows that improvements can be made through the design of models on a three-dimensional programme before manufacturers spend large amounts of money on trial and error. 
To summarise, this method is cost effective for manufacturers and businesses and provides a reliable theory to improve a vehicles efficiency while validating that these procedures will produce greater volumetric efficiency and increase the power an engine produces. The investigation could have been improved if the CMM machine provided by the university was not under maintenance as it would allow more accurate dimensions of the port mesh to be scanned on to SolidWorks, which would make the designing process much easier and closer to the dimensions of the port. I believe more variables may have been calculated providing a more efficient end product, possible reaching the standard of a highly modified engine. 
Overall the investigation was a success. The port was re-designed on SolidWorks, modifications and adjustments through methods of port and polishing were completed, and the volumetric efficiency and break horsepower of the engine increased substantially. 
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FlowBench Port Flow Test Results
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SolidWorks Flow Sim Standard Port Design (Leak)  
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