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Introduction
For almost all vehicle manufacturers, extracting optimum performance and efficiency from an internal combustion engine is always a major priority. Valve-train dynamics play a vital role in maximising these properties, and therefore many manufacturers utilise thousands of hours of research and development looking into the optimum valve-train design for a given engine/application. 
An engine can only perform as well as its biggest restriction will allow, therefore maximising the performance potential out of the cylinder head and valve-train can create significant performance gains, maximising the volumetric efficiency. The tuning of an intake and exhaust system on an internal combustion engine can create significant changes in performance characteristics, and therefore is of paramount importance when looking to maximise volumetric efficiency. 
The following report will primarily cover the optimisation of the intake system, analysing the effects of pressure waves and harmonics, as well as the effects of inlet runner length and valve timing, exploring what changes can be made to capitalise upon the harmonic effects that occur within the inlet system.
List of Figures 

Figure 1 – Graph illustrating the maximum opening point (M.O.P) of the inlet valves at 108° ATDC (Inlet Cam), with a maximum valve lift value of 10.0593mm. As demonstrated by the curve, the inlet valve is opened shortly before the piston reaches top dead centre (TDC, 0°) at the end of the exhaust stroke	2
Figure 2 – Honda K20C variable length inlet manifold, showing the 2 separate channels within the manifold that are switched via valve located between the plenum and the inlet runners. With the valve closed,  air is forced along the longer runner path, optimising flow for low to mid rpm conditions, whereas with the valve open, the air collected within the plenum is drawn straight into the final shorter length stages of the runners, creating a far shorter path to improve flow properties at high rpm	4
Figure 3 – (left) effects of a variable length intake on the volumetric efficiency, with an increase of up to 25% at lower RPM, illustrating the effectiveness of taking advantage of harmonics within the inlet.	5
Figure 4 – (right) effects of a variable length intake on the engine power at low rpm, with an increase of up to 2 KW. A similar effect would be seen with the engine torque, creating a wider and more useable power-band, with a flatter torque curve.	5
Figure 5 – Representation of the pressure waves that occur within an inlet, travelling back up towards the plenum. If timed correctly in correspondence to the valve opening period, the pressure waves increase the rate of charge of the cylinder, enabling greater volumetric efficiency. The length of the inlet runners determines distance in which the waves will have to travel. Therefore longer length runners will in theory improve volumetric efficiency at lower a RPM, with short runners having the opposite effect.	5
Figure 6 – (left) Cadwell Park GP Curcuit, a tight, complex and technical circuit which lends favour to a powertrain with more consistent torque and power curves, with lower peaks in favour of an engine with a wider operating window.	7
Figure 7 – (Right) Silverstone GP Circuit, a high speed layout with fewer tight and technical sections, with lap times often averaging significantly higher speeds than many other UK based tracks. A powertrain with optimal peak power at the expense of a wider operating window and low-down torque characteristics is more favourable.	7
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To begin looking into the various characteristics of the valve-train used for research purposes, a set of basic calculations were created on an excel file, utilising the valve-train data set from the 1000cc VTR engine. 
[bookmark: _Toc39414601]Figure 1 – Graph illustrating the maximum opening point (M.O.P) of the inlet valves at 108° ATDC (Inlet Cam), with a maximum valve lift value of 10.0593mm. As demonstrated by the curve, the inlet valve is opened shortly before the piston reaches top dead centre (TDC, 0°) at the end of the exhaust stroke 
[bookmark: _Toc39417962]Intake Tuning
To calculate the optimum runner length for an inlet suitable for the VTR1000 engine, the degrees of crank rotation during the maximum valve opening point must be known. In addition to the RPM that is required for the optimal tuning of the intake runner lengths. 
Camshaft Duration: 280°
Opening: 32° before top dead centre (BTDC)
M.O.P:  108° after top dead centre (ATDC)
At 12,000RPM:

(330 represents the intake air velocity at the speed of sound, in m/s).
Rearrange to make:

Optimal intake runner length: 0.248m
At 10,000RPM:


Rearrange to make:

Optimal intake runner length: 0.297m
Following calculations made with a camshaft duration of 280° and the maximum opening point (M.O.P) occurring 108° after top dead centre (ATDC), a second series can be carried out with a different profile, to analyse any differences in performance between the pair.
Camshaft Duration: 305°
Opening: 80° before top dead centre (BTDC)
M.O.P: 72.5° after top dead centre (ATDC), assuming the midpoint of the camshaft duration is the maximum opening point. 
At 10,000RPM:

At 12,000RPM:

From the equations performed, a number of intake runner lengths have been calculated. The next step is to analyse the effects of these figures and what is the best compromise for the final choice in overall individual runner lengths to suit the characteristics of the engine and the operating conditions it will be under.
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[bookmark: _Toc39417965]Optimising the Intake System 
When designing an intake, especially for a naturally aspirated engine, quite often the goal is to achieve the minimum possible airflow resistance when entering the engine, whilst also assisting in maximising the volumetric efficiency, as well as creating a more homogenous mixture of air/fuel into the cylinder, to enable a more even burn to take place within the combustion chamber. 
Quite often, there is a fine balance between tuning an intake system to improve power output at higher RPM’s, or leaning towards a more consistent power and torque curve at the cost of ultimate peak power. Typically in a racing application, where all of the vehicles performance is constantly being exploited, the engine will tend to see the majority of its operation in the high RPM range, therefore peak power is a priority at the cost of overall drivability throughout the rev-range. In a road application, typically the aim is for an engine that can perform well under varying conditions and drive cycles, therefore manufacturers of road vehicles will design an intake system that helps the engine produce flatter and more consistent power and torque curves. 
Many vehicle manufacturers implement the use of variable length inlet manifolds, whereby the manifold typically consists of 2 separate runner channels of different lengths to create optimum flow characteristics for various points in the rev range. 
[image: https://www.autozine.org/technical_school/engine/VIM_Honda.jpg]





[bookmark: _Toc39414602]Figure 2 – Honda K20C variable length inlet manifold, showing the 2 separate channels within the manifold that are switched via valve located between the plenum and the inlet runners. With the valve closed,  air is forced along the longer runner path, optimising flow for low to mid rpm conditions, whereas with the valve open, the air collected within the plenum is drawn straight into the final shorter length stages of the runners, creating a far shorter path to improve flow properties at high rpm   
Image credits: www.autozine.org
As stated by  – “By designing a variable length intake manifold, it will be possible to obtain maximum volumetric efficiency for all engine speeds. Such manifolds have been used in performance gasoline engines for quite some time now.” 
In a research article conducted by , the effects of a variable length inlet manifold were studied to explore any changes in overall volumetric efficiency. 
As stated: “Conventional intake manifolds have fixed length & geometry which is optimized for specific engine speed which is equal to maximum toque rpm of specified engine. Current work aims at studying & analyzing the effect of variable intake length on performance of single cylinder, four stroke IC engine.”
[image: ][image: ]
[bookmark: _Toc39414603]Figure 3 – (left) effects of a variable length intake on the volumetric efficiency, with an increase of up to 25% at lower RPM, illustrating the effectiveness of taking advantage of harmonics within the inlet.
[bookmark: _Toc39414604]Figure 4 – (right) effects of a variable length intake on the engine power at low rpm, with an increase of up to 2 KW. A similar effect would be seen with the engine torque, creating a wider and more useable power-band, with a flatter torque curve.
[bookmark: _Toc39417966]The Effect of Pressure Waves & Flow Characteristics
To maximise volumetric efficiency, an intake system must have characteristics that take advantage of high and low speed pressure waves that occur in the inlet. 
As engine speed increase, the time taken to fill the cylinder decreases, therefore it is important to maximise the velocity of the air flowing through the inlet to ensure there is no starvation. As pressure in the cylinder drops (with the piston travelling downwards in the cylinder on the intake stroke), air is drawn into the chamber, following Bernoulli’s principle, whereby a fluids increase in speed occurs simultaneously with a reduction in static pressure.  Each layer of air that is drawn in creates a vacuum between the next, and helps to create this pressure drop (as it is occurring between each layer that enters). Whilst the piston is travelling down in the cylinder, there is a slight delay between its motion and the pressure drop that then occurs. 
Pressure waves occur in the inlet through the closing of the inlet valve at the end of the intake stroke, the fast moving air travelling towards the inlet valve then oscillates within the inlet port, resulting in a rapid pressure build-up. As the only path for the air to travel with the valve closed is back through the intake. This air then creates pressure waves within the inlet, which if timed correctly, can help to charge the combustion chamber.
[bookmark: _Toc39414605][image: https://www.autozine.org/technical_school/engine/VIM_1.jpg]Figure 5 – Representation of the pressure waves that occur within an inlet, travelling back up towards the plenum. If timed correctly in correspondence to the valve opening period, the pressure waves increase the rate of charge of the cylinder, enabling greater volumetric efficiency. The length of the inlet runners determines distance in which the waves will have to travel. Therefore longer length runners will in theory improve volumetric efficiency at lower a RPM, with short runners having the opposite effect. 


Image Credits: https://www.autozine.org/technical_school/engine/Intake_exhaust.html
Reverse flow into the intake is something that needs to be accounted for when designing an intake, with an increase in pressure occurring when the piston travels up the cylinder towards TDC during the compression stroke. With an increase in time for the inlet valve overlap period; there is a risk of sending the air/fuel mixture back into the inlet, which can cause a number of issues, in addition to the resulting decrease in volumetric efficiency that will occur. 
As explained by  – “Reverse flow is largest at the lowest engine speeds. It is an inevitable consequence of the inlet valve closing time chosen to take advantage of the ram effect at high speeds. Varying the length of the intake system for changing speeds could remove this reverse flow in to the intake by timing the high pressure wave to return at the inlet valve just before its closure.” 
The key to capitalising on the dynamic behaviour of these pressure waves is to time the inlet cam correctly, as well as utilising the optimal intake runner length to enable the best performance gains for the application. For example, on a naturally aspirated small capacity race engine with high RPM capabilities, under most conditions during competition, the engine will be operating close to the rev-limit, therefore short inlet runners would be the most suitable for the engine to take advantage of the timing of the pressure waves within the inlet at high RPM.
[bookmark: _Toc39417967]Effects of Camshaft Profiles on Inlet Runner Length
Regardless of the camshaft profile, it was discovered that during higher RPM conditions (12,000), a shorter inlet runner was required to achieve peak inlet flow, with lower RPM conditions (10,000) requiring a longer inlet runner; which shows consistency with the basic theory. 
Differences start to occur with changes in the camshaft profile (and therefore valve timing). With an earlier valve opening point & longer duration camshaft (305°), the optimum inlet runner lengths were calculated to be approximately 0.08 and 0.1m shorter than the runners calculated with the shorter cam duration (280°) and later opening point (32° BTDC as opposed to 80° on the 305° profile cam). 
In theory, a longer duration with a larger amount of advance (earlier opening) will shift the peak power and torque further up the rev range. At higher RPM, it is vital to get longer intake duration as possible in an attempt to charge the cylinder as much as possible in the short time where the cylinder is on the intake stroke. Therefore to suit these conditions, whereby the power-band is shifted further up the rev range due to the nature of the cam profile, a shorter inlet runner would be optimal to help maximise this, minimising the distance in which the pressure waves will have to travel and charging the cylinder at a faster rate. 







[bookmark: _Toc39417968]Suitable Applications for Various Camshaft Profiles
As demonstrated, the effects of different camshafts profiles can have a profound effect on engine performance and the way in which it is produced throughout the rev-range.  
Utilising a cam profile with a shorter duration can improve mid range performance of the engine, maximising the duration of lift whilst avoiding excess overlap, which can cause reverse flow out of the combustion chamber, back into the inlet. When tuning an engine for use in a competition vehicle, it is critical to ensure that power delivery and peak performance is suitable for the gearing or setup for a specific circuit.
On a more open circuit with a series of straight sections and high speed corners, such as the Catalunya GP circuit, Silverstone or Spa-Francorchamps, where the vehicle spends a significant amount of time on the track flat-out in high speed sections, with a selection of medium to high speed corners; the requirements from the engine relative would be for optimum peak performance. Therefore the longer 305° duration camshaft, coupled with the shorter calculated inlet runner lengths would be ideal for this application. 
On a tighter, more complex circuit with a number of low to medium speed corners such as Cadwell Park, Knockhill or a tight street circuit, the need for a flatter torque curve and  lower peak power delivery is apparent, to enable greater acceleration out of tight corners. The use of the shorter 280° profile camshaft would be ideal for these conditions, with power levels rising at a faster rate when climbing revs out of a lower speed corner, at the cost of ultimate peak power. 
[image: Silverstone Circuit - Simple English Wikipedia, the free encyclopedia][image: Cadwell Park - Wikipedia]





[bookmark: _Toc39414606]Figure 6 – (left) Cadwell Park GP Curcuit, a tight, complex and technical circuit which lends favour to a powertrain with more consistent torque and power curves, with lower peaks in favour of an engine with a wider operating window.
[bookmark: _Toc39414607]Figure 7 – (Right) Silverstone GP Circuit, a high speed layout with fewer tight and technical sections, with lap times often averaging significantly higher speeds than many other UK based tracks. A powertrain with optimal peak power at the expense of a wider operating window and low-down torque characteristics is more favourable. 
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[bookmark: _Toc39417970]The Effectiveness of Calculated Results
When performing calculated values with regards to variables such as cylinder pressures, engine power or inlet flow, there must be some allowance for variations with regards to results from practical testing. Recorded values cannot always replicate what has been calculated, however it provides a fairly accurate representation, providing that as many variables have been considered. 
In a study of intake systems conducted by , looking at the effects of intake lengths on cylinder pressures, it is claimed that “the calculated cylinder pressure is lower than experimental data in the initial part of the induction period and higher in the in the main part of the induction period. Although the magnitude and phase of calculated pressure values differ from experimental measurements, the calculated results are in good accordance with the experimental results in the general trend.” 
This emphasises the importance of testing with regards to intake design, whereby practical testing will deliver the most accurate results, providing a solid base to further develop from. 
[bookmark: _Toc39417971]Optimisation of an Intake Design
Various valve-train aspects can have large effects on the intake tuning of an engine. Cam duration, valve lift, maximum opening points, inlet design, runner lengths and other variables play a vital role in maximising airflow into the engine, in an attempt to maximise the volumetric efficiency. 
From the calculations performed, it is evident that valve timing and the cam profile largely affects the harmonics within the inlet, therefore it is critical in any application that the correct valve train specs are matched up to the inlet dimensions to ensure the best possible balance of performance for that engine.
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Valve Lift (mm)
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