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1. Introduction
This report details an investigation into valve train dynamics and intake/exhaust pulse tuning. Valve train analysis is done on a Honda VTR 1000 where the valve velocities, accelerations, contact force up to 10000 RPM are calculated along with the valve float point. Secondly, suggestions on modifications to the valve train are made to allow an increase in RPM to 12000 with no valve float. 
Along with a valve train analysis an intake and exhaust system design is outlined. The system is for a 1000cc Vee 4 gasoline superbike which will allow for both maximum torque @ 10000 RPM and maximum power @ 10000 RPM. Any assumptions made for any equations used will be backed up by secondary research when possible. 
The Intake design analysis will feature a discussion on harmonics and the choice of inlet length along with a secondary design featuring different CAM timings. Finally using the harmonics calculated from both CAM profiles a discussion on which profile would be more suitable for high speed tracks and low speed tracks with corners is done.
The exhaust design is initially done to focus on achieving maximum power. Similarly, to the intake design the effect of harmonics is analyzed along with the choice of exhaust length. A secondary exhaust system is created to be used at circuits needing a wider spread of torque out of the corners. Finally, a comparison of design and performance is discussed.

















2. Background
This section defines what pulse tuning is as well as detail the specs of the motorcycle engine used.
2.1 Pulse tuning
Pulse tuning can be defined as the “control of pulse frequency to optimize system response” (Optimizing volumetric efficiency with Inlet runner length “pulse tuning”,2012) The inlet length of an engine has a huge impact on this. An engine works similarly to an air pump. Each cylinder will pulse every 2 revolutions of the crank. These pulses can benefit the engine as they can be moved to different points to gain more power.
When an inlet valve opens the air is moving down the runner very quickly. This will come to an abrupt stop against the back of the valve. The air then runs back up the runner until it reaches atmospheric pressure. The pressure is relatively high at this point compared to the port vacuum so, the air travels back down the runner. The aim is to have the inlet valve open as the air is rushing back down. This is known as a Harmonic. (Optimizing volumetric efficiency with Inlet runner length “pulse tuning”,2012)
2.2 Honda VTR 1000
The bike ran from 1997 until 2005 with very few revisions. Below are some of the relevant factory specs.
	Engine
	Four stroke, DOHC, 4 Valve per cylinder

	Capacity
	996 cc

	Bore/Stroke
	98 mm x 66 mm 

	Compression Ratio
	9.4:1

	Max Power
	110 hp/80.2 kW @ 9000 RPM

	Max Torque
	97 Nm. @ 7000 RPM

	Top Speed
	154.2 mph / 248.3 kph


Table 1: Honda VTR 1000 Specs (Motorcycle Specs, n.d)





3. Valve Train Analysis Methodology
The majority of the work carried out for this report was done on excel using calculations. This section outlines the equations used for the valve train analysis. The data used in the calculations was provided for the report. This included all the moving mass data along with the cam profile / cam lift.
3.1 Equations
In order to complete the Valve Train Analysis, the valve velocity, acceleration, moving mass, spring force and contact force were needed. The velocity and acceleration were calculated for both mm per degree and mm per RPM at 2000 RPM intervals.
Valve Velocity (mm/degree)

Valve Velocity (mm/second)

Valve Acceleration (mm/degree)

Valve Acceleration (mm per second)

Moving Mass
The moving mass is a sum of all the individual parts of the valve train which are moved by the camshaft. These are listed below:
Valve x2, Shim x2, Bucket x2, Collet x4, Outer Spring, Inner Spring, Retainer
Spring Force
The spring force was given for the calculations however, to calculate it the following equation could be used

(Wood, n.d)
Contact Force





4. Valvetrain Dynamics Analysis 
This section includes the valve train analysis along with suggestions on modifications to the valve train are made to allow an increase in RPM to 12000 with no valve float.

Figure 1: A Graph To Show Velocity Against Crank Angle
When the valve is closed between -360 ° and ~120 ° the valve has 0 velocity which is to be expected as 1 cam rotation is equal to 2 crank rotations the valve has only opened 1 time during the 720 °. (Fundamentals of the Diesel Cycle, n.d) The valve is accelerating in the first 360 ° and decelerating in the second.  As the RPM of the crank increases the velocity if the valve increases as the time it has to reach max lift is decreased.

Figure 2: A Graph To Show Acceleration Against Crank Angle
The valve acceleration is very similar to the velocity which is to expected as the accleration is a measure of change in velocity. There is no acceleartion while the valve is closed (between -360 and ~120) and its seen that the valve has accelerated twice in one opening. This is because as the valve opens it accelerates to its maximum velocity at around 0 ° of crank rotation. The valve then deccerlaartes near its amximum lift (10mm) to allow for the maximum amount of air to enter the chamber. The valve then acceleates once more to close. (Fundamentals of the Diesel Cycle, n.d) The acceleration of the valve increases with RPM as the valve has to complete the same movement (open and close) in a shorter amount of time. This was to be expected based on the equations used.











Figure 3: A Graph To Show Spring Force and Valve Lift Against Crank Angle
This graph shows the relationship between valve lift and spring force. As the valve is connected to the spring it was expected to see that the force acting on the spring would increase as its compressed. This graph was produced to validate that theory.















Figure 4: A Graph To Show Contact Force Against Crank Angle
This graph displays the contact force against crank angle. The contact force follows the same trend as acceleration which again is to be expected as the acceleration is a variable in calculating the contact force. The contact force also increases with RPM as the spring force increases with rotation and the acceleration increases with RPM as stated previously. As the contact force reaches its maximum at each RPM there is a slight anomaly on the graphs. This is seen at ~120°. 
Anything below the zero line on the Contact force graph is valve float. This can be deduced as if the contact force is 0 then there is no connection between the valve and cam lobe. The valves on an ICE rely on the cam profile and springs to close. Most OEM springs only have enough force (spring rate or k ratio) to shut the valve with enough speed to keep up with OEM RPMs. If the engine speed is greater than what the spring can handle the valve will not shut in time which would result in poor compression. Along with a loss in power this can be destructive if the piston manages to collide with the un-seated valve. (Anderson, 2016)
There are a few ways to reduce valve float. The first way is to lower the mass of the moving components. By lowering the mass of the moving components, it lowers the amount of force that the spring has to fight against when closing the valve. The second way to reduce valve float is to install a second spring or increase the stiffness of the spring installed. By installing a stiffer spring, it increases the force that the spring can push with therefore making it easier to close the valves. (What is Valve Float?, n.d)
The downside to adding stiffer springs is the added friction it adds. This can result it more heat which in turn will allow for faster valvetrain wear and potential failure of other valve train parts as they will wear much quicker than intended. (Valve Spring Pressure, n.d)



In order to reduce the valve float at 12000 RPM the spring stiffness needed to be increases to a very unreasonable figure. Shown in Table 2.
[image: ]
Table 2: Change in Spring Force
However, by doing this the valve float was negated at all RPM ranges including 120000. 
[image: ]
Figure 5: A Graph to Show the Modified Contact Force Against Crank Angle








5. Intake Pulse Tuning Methodology
This section outlines the equations used for the intake pulse tuning analysis. The data used in the calculations was provided for the report.
In order to complete the Pulse Tuning analysis, the inlet length and harmonics needed to be calculated.
As stated previously as the piston moves down it draws in air from the inlet. As the valve closes the air that is travelling down the inlet (+ve pulse) bounces off the valve and returns back up the inlet until it reaches atmospheric pressure (-ve pulse). As the pressure at atmosphere is relatively high the air travels back down the inlet. In order to achieve peak volumetric efficiency, the air needs to travel back down the inlet as the valve is reopening (on a +ve pulse). One way to ensure this happens is to adjust the inlet length. (Optimizing volumetric efficiency with Inlet runner length “pulse tuning”, 2012).  The inlet length is defined as follows:


Speed of sound – Peak air velocity is speed of sound. At 0 ° Celsius it is ~330m/s (Velocity of Sound in Air, n.d)
Time between M.O.P to halfway between BDC an Inlet Closing – When the valve is at the M.O.P the vMax of the air is achieved. This gives the strongest suction pulse which allows for the most amount of air to be sucked into the cylinder. This creates a positive pulse which allows for the negative pulse to travel back up the runner. This time is divided by the speed of sound (which is the velocity the air is travelling at) (Mechadyne, 2006)
After the piston has reached BDC the inlet valve is still open however the piston is returning up pushing air out of the inlet. To reduce this, a positive pulse is required to inhibit flow reversal. The optimum time for this is between BDC and the valve closing. (Mechadyne, 2006)
The inlet length is also defined by the RPM. The inlet length is changed based on the desired RPM the engine is tuned for. Therefore, 60/RPM = 1 crank revolution.

Speed of sound – Peak air velocity is speed of sound. At 0 ° Celsius it is ~330m/s (Velocity of Sound in Air, n.d). This is divided by the time it takes for the air to travel up and down the runner for the nth time (harmonic)
In order to inhibit flow reversal, the final (Nth) positive pulse or Harmonic needs to happen between BDC an inlet closing. This time needs to match the time the crank turns from M.O.P to halfway between BDC an Inlet Closing. This is then multiplied by 60 to give the answer in RPM.

6. Intake Pulse Tuning Analysis
This section details the analysis of the intake system for the 1000cc Vee 4 gasoline superbike for maximum power @ 10000 RPM and maximum torque @ 12000 RPM.
6.1 1st Intake Cam  
Duration is 280° and the maximum opening point (M.O.P.) is 108° ATDC.
[image: ]
Figure 6: 1st Intake Cam Valve Analysis Diagram
Figure 6 displays the 1st inlet graph with various timings on it. As the camshaft is symmetrical and the M.O.P is at 108 ° there are 140 ° of opening either side of it giving the opening point of 32 ° BTDC and closing point of 248 ° ABDC. The BDC to M.O.P is calculated as 

This is then substituted into Equation 1 from the methodology.

[image: ]These inlet lengths can then be substituted into Equation 2 from the methodology to create the following tables: 

	




Table 3: 1st Intake Cam Harmonics
Table 3 displays up to the 10th harmonic for the inlet length of 0.2915m. In order to achieve peak torque, the 1st harmonic would be used however this inlet length produces a decent torque curve with peak volumetric efficiency theoretically being able to be achieved throughout the rev range.

6.2 2nd Intake Cam
Duration is 280° and the maximum opening point (M.O.P.) is 108° ATDC.
[image: ]
Figure 7: 2nd Intake Cam Valve Analysis Diagram

Figure 7 displays the 2nd inlet graph with various timings on it. As the camshaft is symmetrical and the M.O.P is at 72.5 ° there are 152.5 ° of opening either side of it giving the opening point of 80 ° BTDC and closing point of 225 ° ABDC. The BDC to M.O.P is calculated as 

This is then substituted into Equation 1 from the methodology.


These inlet lengths can then be substituted into Equation 2 from the methodology to create the following tables:
[image: ]
Table 4: 2nd Intake Cam Harmonics
Table 4 displays up to the 10th harmonic for the inlet length of 0.3575m. In order to achieve peak torque, the 1st harmonic would be used however this inlet length produces an okay torque curve relative to the first cam design with peak volumetric efficiency theoretically being able to be achieved throughout the rev range. However, the harmonics aren’t spaced as evenly as the 1st cam design.
6.3 Intake Pulse Tuning Comparison

Figure 8: Graph to show RPM vs Harmonics
Figure 8 Displays the calculated harmonics vs RPM which allows for an easy comparison between both Cam setups. It can be deduced from this data that Cam 2 is better for circuits with a lot of cornering and Cam 1 is better for circuits with a lot of straights. This is because Cam 1’s inlet length allows for greater performance at higher RPMs and Cam 2’s inlet length is tuned for performance at lower RPM’s. On circuits with a lot of cornering the rev range the bike would be under would vary a lot and would tend to be in the lower RPM range, this would also allow for the RAM effect to occur. 
In order to achieve optimum amount of power at 12,000 RPM and torque at 10,000 RPM a variable intake manifold would be required which would allow for 2 separate runner lengths. (Engineering Explained, 2016) However, for this report there was only 1 runner length.

7. Exhaust Pulse Tuning Methodology
This section outlines the equations used for the intake pulse tuning analysis. The data used in the calculations was provided for the report.
In order to complete the Pulse Tuning analysis, the outlet length and harmonics needed to be calculated.


This equation is derived from the following:
Mean speed of sound – As the exhaust gasses exit the cylinder they are extremely hot but as they travel just a short distance they cool. The speed of sound (peak gas velocity) changes with temperature (Velocity of Sound in Air, n.d) so in order to achieve an accurate result the ratio of absolute temperature is calculated via the following:


(TEMPERATURE RATIO PARAMETER, 2016)
The Harmonic chosen depends on the RPM band desired therefore the Mean Speed of Sound at Exhaust is divided by it. This is then multiplied via the time it takes for the crank to rotate while to outlet valve is opened. This gives the outlet length in meters.
The Crank rotation is defined as the time from the effective start of pulse (20 ° after valve opening) to the midpoint between M.O.P and valve closing.
The Internal Exhaust Diameter can be calculated as long as the Outlet Length has been calculated or is known. The primary needs to be able to contain the same amount of gas that the cylinder can as the exhaust temperature is a lot hotter than the inlet, the gas is a lot less dense, so the area needed to contain the gas is larger. (Hall, 2015) This area is calculated via the following:


This value can then be inserted into the equation below which will calculate the Internal Exhaust Diameter needed for the Outlet Length specified.


8. Exhaust Pulse Tuning Analysis
8.1 Exhaust Cam
Duration is 290° and the maximum opening point (M.O.P.) is 105° BTDC
[image: ]
	Figure 9: Exhaust Cam Valve Analysis Diagram
Figure 8 displays the exhaust outlet graph with various timings on it. As the camshaft is symmetrical and the M.O.P is at 105 ° there are 145 ° of opening either side of it giving the opening point of 40 ° BBDC and closing point of 250 ° ATDC. There is a lag of 20 ° before the pulse happens.
M.O.P > Start of Pulse = 145° – 20° = 125°
M.O.P > TDC = 105°
M.O.P > Exhaust Close = 145°
M.O.P > Mid-point (TDC, Close) = (105°+145°) / 2 = 125°
The temperature at the exhaust was assumed to be 800°C at the manifold dropping to 600°C at the collector. This gives a mean temperature of 700°C. 
To calculate the outlet length the following steps were taken:




[image: ]Using this formula, the outlet length for nth Harmonic can be created. Table 5 displays up to the 5th harmonic for 12,000 RPM.




Table 5: Exhaust Cam Harmonics
The 2nd harmonic was chosen as the first length is a little bit too long. The added length would involve packaging issues on the bike. The outlet length was chosen to be 0.52m.
The outlet exhaust diameter was calculated via the following.




The figures for length and diameter are in the realm of possibility as seen in this article Performance Exhaust System Design And Theory (Anderson, 2016) one exhaust header was calculated to have 1 length of 0.54m and a tube diameter of ~55mm.












8.2 Exhaust 4 into 2 into 1
In order to create a 4 into 2 into 1 system the mean sped of sound at the 2nd collector needs to be recalculated using the new temperatures. Again, these temperatures were assumed as access to a running exhaust system and testing equipment was limited due to the virus outbreak. The temperature at the 1st collector is 600°C and the temperature at the second collector is 400°C. The mean temperature is 500°C.






Using this formula, the outlet length for nth Harmonic can be created. Table 6 displays up to the 5th harmonic for 12,000 RPM 
[image: ]
	


Table 6: 4-2-1 Exhaust Harmonics
Similarly, to the 1st exhaust design The 2nd harmonic was chosen as the first length is a little bit too long. The outlet length was chosen to be 0.46m.
The outlet exhaust diameter was calculated via the following.



To summarize the 2 into 1 system has a length of 520mm with an internal diameter of 46.94mm. The new design of a 4 into 2 into 1 system keeps the length and internal diameter of the 1st exhaust up to first collector but has an addition length of 460mm giving a total exhaust length of 980mm the latter part of the exhaust having an internal diameter of 39.9mm

8.3 Exhaust Comparison
The main difference between 4-2-1 exhaust over a 4-1 exhaust is the power range. On a 4-2-1 exhaust the design allows for more mid-range power but comes with a sacrifice at the top end. A 4-1 exhaust allows for more top end power while sacrificing mid-range power. Typically, a 4-1 exhaust is fitted on performance cars designed to drive a high speed at RPM ranges and a 4-2-1 exhaust is fitted to vehicles design to be driven on public roads. (Redline360, 2012)
A 4-2-1 exhaust achieves better top end performance as it is better at scavenging exhaust gas from the cylinders therefore increasing its efficiency. As stated previously as the exhaust valve opens a positive pressure is created along with negative pressures due to the collapses and voids created. This hinders the release of exhaust gas to the exhaust system. (Baxter, n.d)
On a typical 4 cylinder engine, cylinders 1 and 4 are on the same stroke and cylinders 2 and 3 are on the opposite stroke. Therefore, on a 4-2-1 system the cylinders on the same stroke will be combined into the same exhaust collector. This ensures that the pulses do not interfere with each other and hinder the scavenging of the other exhaust which occurs on a 4-1 system. The added efficiency of a 4-2-1 exhaust allows the car to produce more power at a higher RPM range over a 4-1 system. By Comparing the harmonics calculated for the exhaust system this theory can be visualized and validated. (Baxter, n.d)
[image: ]
Figure 10: Graph to Show RPM vs Exhaust Harmonics








9. Conclusion
To conclude, this report details the importance of pulse tuning and how minuscule changes in the intake and exhaust design can allow for an engine to perform at peak efficiency but can also hinder the engines performance massively. Its also interesting how much information can be seen and calculated about and engines performance by the use of a few simple equations and the help of Microsoft Excel. The Valvetrain dynamics analysis gave a great insight to the mass of information available about and engines performance from just a few known variables about its valve train.
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A Graph To Show Acceleration Against Crank Angle
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A Graph To Show Spring Force and Valve Lift Against Crank Angle
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