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ABSTRACT

In recent years, Co, emission from conventional fuel powered vehicles has become the major contributor
to the overall global warming effect around the planet. Also, fuel prices have risen considerably due to
several factors one of which is attributed to political instability in major fuel producing nations. As a
result, vehicle manufacturers have made several attempts to reduce the fuel consumption of their engines
which have proven very effective. One of the measures taken by manufacturers is the development of
variable valve timing (VVT) systems. However the various VVT systems have their own shortcomings
for the ideal engine operation which are briefly explained in this document. In this study, analysis,
optimization and modification on mechanical continuously variable valve timing (CVVT) camshaft which
has axially varying cam profile is made, with the aim of providing empirical relations for designers and
students interested in the system for maximum fuel economy and performance for IC engines at any
specific speed while minimizing Co, emission per kw.hr. The analysis is performed using a computer
simulation program known as Engine Analyzer Pro V3.9. The study is focused only towards fuel
efficiency and performance while other emission analysis such as CO, HC and No, are not considered due
to incapability of software at hand. While conducting the study, simulations were run at different engine
speeds by tuning the valve opening and closing angles, and lift to get values for optimum operation. The
tests were conducted on a range of speeds from idle to maximum speed with intervals of constant step and
all the optimum values were recorded. Optimum values are selected based on better performance. Then,
the performance of the optimum valve timing parameters has been compared with the performance of the
original camshaft. The results have shown a maximum volumetric efficiency improvement of 19% and
maximum percent improvement for brake torque is seen to be 30.82% while percent improvements for
brake power are exactly the same as brake torque with negligible differences at some engine speeds. Also
a maximum improvement of 8.5% is seen for BSFC. As for yearly fuel saving and Co, emission reduction
per vehicle, a maximum fuel saving of 96.47kg/yr is achieved at 5500 rpm, and a maximum Co, emission
reduction of 85.9kg/yr at a similar engine speed of 5500 rpm. However, higher percentages of fuel
savings and Co, emission reductions are seen in the range between 2000 rpm and 6000 rpm.Afterwards,
based on the finally obtained cam profiles, the camshaft has been modeled in a CAD program and a
suitable operating mechanism has been proposed. Finally, empirical relations for important dimensions
have been formulated. Finally a prototype of the cylinder head has been made from wood, cement and

plastics.

Keywords: Variable valve timing, Engine performance, Three dimensional cam, CVVT actuation system
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Chapter One

INTRODUCTION
1.1. Background

Resources of fossil fuels are finite and if they are to be used to provide energy for transport they
must be used efficiently. There are also strong pressures to make automotive vehicles less
environmentally polluting and one of the most important factors in reducing global warming is
the increased use of vehicles with better fuel economy [1].

As early as a few decades ago, people recognized that despite the simple design and low cost of
conventional crankshaft synchronized cam driven valve actuation, it can offer optimized engine
performance at only one point on the engine torque speed operating map mainly due to the fixed
valve timing with respect to the crank shaft angle under different operating conditions. On the
other hand, research has shown that variable valve timing (VVT) can achieve higher fuel
efficiency, lower emissions, larger torque output, and other possible benefits [2].

In conventional IC engines, the valves are actuated by cams that are located on a belt- or chain-
driven camshaft. As a long developed valve drive, the system has a simple structure, low cost,
and offers smooth valve motion. However, the valve timing of the traditional valve train is fixed
with respect to the crankshaft angle because the position profile of the valve is determined purely
by the shape of the cam. If instead the valve timing can be decoupled from the crankshaft angle
and can be adjusted adaptively for different situations, then the engine performance can be
optimized with respect to higher torque/power output, increased gas mileage, and reduced
emissions, at any point of the engine map. This flexibly controlled valve timing is called variable
valve timing (VVT) and the corresponding valve drive system is called variable valve actuation
(VVA).

From the research of engine scientists, the main benefits from VVT can be summarized in
specific numbers: a fuel economy improvement of approximately5~20%, a torque improvement
of 5~13%, an emission reduction of 5 ~10% in HC, and 40~60% in NOx][2].

As discussed earlier the performance of an IC engine can be greatly improved via application of

VVT over conventional valve actuation system. However, even with different VVT systems,
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optimum engine performance is difficult to achieve due to lack of simultaneous control of
opening and closing angles, opening duration and lift of valves.

For instance, in cam changing systems, two cam profiles with different opening/closing angles,
duration and lift are used for low and high speed operating ranges. In this case, only one specific
speed for each ranges are optimally operated while the rest of the speed ranges are operated
under close approximation.

And also for cam phasing systems the opening or closing angles can be controlled by rotating the
camshaft forward or backward relative to its driving sprocket, but the duration of opening and lift
are fixed.

There is however one promising and relatively new VVT system which is found on some Ferrari
engines. This system uses only one cam for each inlet and exhaust valves. The profile of the cam
varies axially, and the camshaft is moved axially to change the profile the follower moves along

with as shown in figure 1.1.

Figure 1.1 The variable cam system used on some Ferraris [3]

1.2. Statement of the problem

The CVVT shown in figure 1.1 above has the potential to be an effective valve actuation system
since each operating speed can be assigned with its own valve lift profile suitable for maximum
performance. However, the system does not control the opening and closing angles, andit

controls only the lift of valves.
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This study makes a slight modification to the cam lobe by giving it a twisted sense, and make it

able to control lift, opening and closing angles independently according to engine rpm.

1.3. Objectives
1.3.1. General Objective

The objective of this study is to design a continuously variable valve timing system that gives
better performance on all engine speeds, and formulate empirical relations for designing the
continuously variable valve timing camshafts, which will improve fuel economy, performance

and Co, emissions of conventional fuel powered reciprocating IC engines.

1.3.2. Specific Objectives

The specific objectives of the proposed project are as follows:

e To select one specific engine model for the study and test the performance of different
cam profiles at various speeds at some steps using a computer simulation program
(Engine Analyzer Pro V3.9).

e To summarize test results of power, torque, bsfc, volumetric efficiency and other
relevant parameters obtained as output from software and to select optimum cam profiles
for each of the test speeds and by assuming a linear relationship to fill in the ranges in
between test speeds.

e To compare the performance of the new camshaft with the existing one with respect to
power, torque, bsfc, volumetric efficiency, fuel consumption and Co2 emission at
different engine speeds.

e Formulate empirical relations for all CVVT camshaft terminologies selected to
completely describe the cam geometry based on optimum performance and model the
camshaft using a CAD program.

e Suggest and design a mechanism to apply the designed camshaft to an IC engine.
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1.4.  Significance of the project

The significance of the proposed study is as follows:

e Introduce an idea for reduction of Co, emission by reducing fuel consumption, which
helps to ease the impact of global warming.

e Provide a design reference on CVVT camshaft for students and designers.

e Introduce a computer aided study technique for the effect of cam/valve profiles on engine
performance.

e Produce engines with better fuel economy, power, torque and overall performance over

any range of speed.

1.5. Delimitation (scope)

This study is focusedon the estimation of improvements on engine performance parameters
including fuel consumption and Co, emission that can be achieved,and designing a CVVT

camshaft that yields the desired output to provide a design reference.

1.6. Limitations

The simulation program used in this study does not have an emission analysis tool, and it is not
possible to fairly estimate all emissions using analytical method except for Co, emission.
Another limitation faced in this study is the different valve timing characteristics of various
engine assemblies such as, carbureted or injector; naturally aspirated or turbo/supercharged;
gasoline or diesel and so on. Hence, this study is limitedto a naturally aspirated and carbureted

gasoline engine.
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Chapter Two

LITERATURE REVIEW
2.1. Impact of valve events on engine performance
2.1.1. Effects of Changes to Exhaust Valve Opening Timing - EVO

As the exhaust valve opens the pressure inside the cylinder resulting from combustion is allowed
to escape into the exhaust system. In order to extract the maximum amount of work (hence
efficiency) from the expansion of the gas in the cylinder, it would be desirable not to open the
exhaust valve before the piston reaches Bottom Dead Centre (BDC). Unfortunately, it is also
desirable for the pressure in the cylinder to drop to the lowest possible value, i.e. exhaust back
pressure, before the piston starts to rise. This minimizes the work done by the piston in expelling
the products of combustion (often referred to as blow down pumping work) prior to the intake of
a fresh charge. These are two conflicting requirements, the first requiring EVO to be after BDC,
the second requiring EVO to be before BDC [4].

The choice of EVO timing is therefore a trade-off between the work lost by allowing the
combusted gas to escape before it is fully expanded, and the work required to raise the piston
whilst the cylinder pressure is still above the exhaust back-pressure. With a conventional valve
train, the valve lifts from its seat relatively slowly and provides a significant flow restriction for
some time after it begins to lift and so valve lift tends to start some time before BDC. A typical

EVO timing is in the region of 50-60° before BDC for a production engine.

The ideal timing of EVO to optimize these effects changes with engine speed and load as does
the pressure of the gasses inside the cylinder. At part load conditions, it is generally beneficial if
EVO moves closer to BDC as the cylinder pressure is much closer to the exhaust back pressure
and takes less time to escape through the valve. Conversely, full load operation tends to result in
an earlier EVO requirement because of the time taken for the cylinder pressure to drop to the

exhaust back-pressure.
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2.1.2. Effects of Changes to Exhaust Valve Closing Timing - EVC

The timing of EVC has a very significant effect on how much of the Exhaust gas is left in the
cylinder at the start of the engine’s intake stroke. EVC is also one of the parameters defining the
valve overlap, which can also have a considerable effect on the contents of the cylinder at the

start of the intake stroke.

For full load operation, it is desirable for the minimum possible quantity of exhaust gas to be
retained in the cylinder as this allows the maximum volume of fresh air & fuel to enter during the
Intake stroke. This requires EVC to be at, or shortly after TDC. In engines where the exhaust
system is fairly active (i.e. Pressure waves are generated by exhaust gas flow from the different
cylinders), the timing of EVC influences whether pressure waves in the exhaust are acting to
draw gas out of the cylinder or push gas back into the cylinder. The timing of any pressure waves
changes with engine speed and so a fixed EVC timing tends to be optimized for one speed and

can be a liability at others [4].

For part load operation, it may be beneficial to retain some of the exhaust gasses, as this will tend
to reduce the ability for the cylinder to intake fresh air & fuel. Retained exhaust gas thus reduces
the need for the throttle plate to restrict the intake and results in lower pumping losses (see
Appendix A) in the intake stroke. Moving EVC Timing further after TDC increases the level of
internal EGR (Exhaust Gas Recirculation) with a corresponding reduction in exhaust emissions.

There is a limit to how much EGR the cylinder can tolerate before combustion becomes unstable
and this limit tends to become lower as engine load and hence charge density reduces. The rate
of combustion becomes increasingly slow as the EGR level increases, up to the point where the
process is no longer stable. Whilst the ratio of fuel to oxygen may remain constant, EGR reduces
the proportion of the cylinder contents as a whole that is made up of these two constituents. It is
this reduction in the ratio of combustible to inert cylinder contents which causes combustion

instability.

Typical EVC timings are in the range of 5-15° after TDC. This timing largely eliminates internal
EGR so as not to detrimentally affect full load performance.
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2.1.3. Effect of changes to Intake Valve Opening Timing — IVO

The opening of the intake valve allows air/fuel mixture to enter the cylinder from the intake
manifold. (In the case of direct injection engines, only air enters the cylinder through the intake
valve). The timing of IVO is the second parameter that defines the valve overlap and this is

normally the dominant factor when considering which timing is appropriate for a given engine.

Opening the intake valve before TDC can result in exhaust gasses flowing into the intake
manifold instead of leaving the cylinder through the exhaust valve. The resulting EGR will be
detrimental to full load performance as it takes up space that could otherwise be taken by fresh
charge. EGR may be beneficial at part load conditions in terms of efficiency and emissions as
discussed above [4].

Later intake valve opening can restrict the entry of air/fuel from the manifold and cause in-
cylinder pressure to drop as the piston starts to descend after TDC. This can result in EGR if the
exhaust valve is still open as gasses may be drawn back into the cylinder with the same
implications discussed above. If the exhaust valve is closed, the delay of 1VO tends not to be
particularly significant, as it does not directly influence the amount of fresh charge trapped in the

cylinder.

Typical IVO timing is around 0-10° before TDC which results in the valve overlap being fairly
symmetrical around TDC. This timing is generally set by full load optimization and, as such, is

intended to avoid internal EGR.

2.1.4. Effect of changes to Intake Valve Closing Timing — IVC

The volumetric efficiency of any engine is heavily dependent on the timing of IVC at any given
speed. The amount of fresh charge trapped in the cylinder is largely dictated by IVC and this will

significantly affect engine performance and economy.

For maximum torque, the intake valve should close at the point where the greatest mass of fresh
air/fuel mixture can be trapped in the cylinder. Pressure waves in the intake system normally
result in airflow into the cylinder after BDC and consequently, the optimum I\VC timing changes

considerably with engine speed. As engine speed increases, the optimum IVC timing moves
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further after BDC to gain maximum benefit from the intake pressure waves.

Closing the intake valve either before or after the optimum timing for maximum torque results in
a lower mass of air being trapped in the cylinder. Early intake closing reduces the mass of air
able to flow into the cylinder whereas late intake closing allows air inside the cylinder to flow
back into the intake manifold. In both cases, the part load efficiency can be improved due to a

reduction in intake pumping losses.

A typical timing for IVC is in the range of 50-60° after BDC and results from a compromise
between high and low speed requirements. At low engine speeds, there will tend to be some flow
back into the intake manifold just prior to IVC whereas at higher speeds, there may still be a

positive airflow into the cylinder as the intake valve closes.

2.1.5. Effects of Valve Overlap

As discussed previously, valve overlap is the time when both intake and exhaust valves are open.
In simple terms, this provides an opportunity for the exhaust gas flow and intake flow to
influence each other. Overlap can only be meaningfully assessed in conjunction with the pressure

waves present in the intake and exhaust systems at any particular engine speed and load.

In an ideal situation, the valve overlap should allow the departing exhaust gas to draw the fresh
intake charge into the cylinder without any of the intake gas passing straight into the exhaust
system. This allows the exhaust gas in the combustion chamber at TDC to be replaced and
therefore the amount of intake charge to exceed that which could be drawn into the cylinder by
the swept volume of the piston alone.

A given amount of overlap unfortunately tends to be ideal for only a portion of engine speed and
load conditions. Generally, the torque at higher engine speeds and loads can benefit from
increased overlap due to pressure waves in the exhaust manifold aiding the intake of fresh
charge. Large amounts of overlap tend to result in poor emissions at lower speeds as fuel from
the intake charge can flow directly into the exhaust. High overlap can also result in EGR which,
although beneficial to part load economy, reduces full load torque and can cause poor
combustion stability especially under low load conditions such as idle. Poor idle quality can
therefore result from too much overlap [4].
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The valve overlap tends to be fairly symmetrical about TDC on most engines. The further away
from TDC that valve overlap is present, the more effect the piston motion will have on the
airflow. Early overlap may result in exhaust gasses being expelled into the intake manifold and
late overlap may result in exhaust gasses being drawn back into the cylinder. Both of these
situations result in internal EGR that can be beneficial to part load emissions and efficiency. As
discussed earlier, internal EGR tends to be avoided due to the detrimental effect it has on full

load torque.

2.1.6. Valve Peak Lift

Valve peak lift directly affects the ability for air to flow into the cylinder and exhaust to leave the
cylinder and as a result it significantly influences engine performance. There are some practical

limitations of peak lift in most engines that are dependent on the design of the particular engine:

e Normally the piston crown is profiled to maximize the clearance adjacent to the valves
but there are limitations as to how much valve lift can be accommodated without unduly
compromising the piston design.

e The duration of the valve lift imposes a restriction on valve lift due to the acceleration
required to achieve a high lift with a short duration. The higher the running speed of the

engine, the more the peak lift is restricted for a given valve lift duration.

Low values of valve peak lift will clearly restrict the ability of gas to flow into and out of the
cylinder, effectively throttling the engine. Maximum engine power output will generally benefit
from as much valve lift as possible up to the point where air flow becomes restricted by other

features such as the manifold system or cylinder head porting.

It does not follow that engines should have the maximum possible valve lift as this can adversely
affect low speed performance. Lower intake valve lifts result in higher gas velocity past the valve
and this improves fuel mixing and combustion. For maximum torque at a given speed, lift should

be kept as low as possible up to the point where the intake of fresh charge becomes restricted.

The chosen value of peak valve lift is therefore a compromise between low speed and high speed
full load requirements. A typical value for a production engine is in the range of 8-10mm.
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2.2. Variable valve timing

As technology has advanced, so too has the development of engine design and nowadays it is
normal for modern vehicles to have multi-valve technology. Variable valve timing is seen as the

next step to enhance engine efficiency.

Variable valve timing was first introduced as an innovative design that increased engine torque
and output while addressing environmental issues, such as pollutants emitted from automotive
engines. The variable valve timing system uses an electronic system, known as the engine

control unit (ECU) to electronically control the operation of the engine valves [1].

The system is able to detect the engine speed and adjust the valve timing accordingly. As a
consequence, more oxygen can be supplied through the air intake valve as more fuel is injected
into the combustion chamber. Greater fuel and oxygen in the combustion chamber leads to

increased power and torque.

Most variable valve timing systems are combined with lift control, which varies the lift intake
and exhaust valves while the engine is operating at high speed. As the intake and exhaust valve
lift increases, a larger volume of air/fuel mixture is introduced, along with ejection of a greater
volume of exhaust gas. This results in the engine producing higher output power while operating
at high speeds. The variable valve timing system allows the valve timing of an automotive
engine to be ideally fixed by increasing the valve lift when the engine speed is high, which

results in improved fuel economy [5].

In principle, variable valve timing improves fuel efficiency and performance because it adjusts
the valve timing between high and low engine speeds for optimum performance, thus efficiency

throughout the entire speed range can be improved.

Many mechanisms have been proposed to produce variable valve timing systems. Each
mechanism varies the valve timing either in duration, phase, or both. There are numerous
versions of VVT mechanisms in production today, and these VVT systems can be basically

classified into seven VVVT models, which are reviewed below.
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2.2.1. Phase Changing

Cam phasing VVT is the simplest, cheapest and most common mechanism used presently.
Basically, it varies the valve timing by shifting the phase angle of camshafts relative to the
crankshaft. The phase angle can be shifted either by the use of a phasing actuator, whereby the
phase angle is produced by adjusting the hydraulic flows in and out of the actuator chambers or
with the camshaft drive being connected to the camshaft through a helical spline.

High performance double overhead cam (DOHC) engines had long valve open duration, high
valve lift and produced maximum power output. However, the large valve overlap caused poor

idle stability and also reduced engine torque at low speeds [6].

2.2.2. Cam Changing

Cam changing systems are the most efficient VVVT systems in production presently, since they
allow variability in the duration of valve opening as well as the lift of the valves. They can also
switch between completely different cam profiles, unlike other systems which can only basically
vary the timing by advancing and retarding a standard set of cams.

In 1989, the valve timing electronic control (VTEC) engine system was introduced, which was
able to maintain a high output throughout the entire engine speed range, thus enabling the high

speed performance of a racing engine without sacrificing low and medium speed performance

[7]1.

To develop a high performance engine it is necessary to increase the volumetric efficiency and
reduce friction. A racing engine requires wider valve overlap and increased valve lift to obtain
optimum performance at high engine speed. However in a conventional engine, the valve timing

and degree of valve lift is set for optimum performance at low and medium engine speeds [9].

By designing for higher valve lift, wider valve timing larger valve diameter; it was possible to
obtain a higher volumetric efficiency to cope with high output engine speeds. With VTEC, the
valve timing and lift can be adjusted at low engine rotation to increase torque and prevent air

from being forced back through the intake [7].

11
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2.2.3. Intake Valve Closing
Intake valve closing is a practical concept applicable to engines in which the intake can be
phased relative to each other to extend the total intake opening period. Problem of pumping
losses must be addressed, because as the engine was throttled, pumping losses progressively

increased until no useful output was generated at idle speed [8].

Their proposed system consists of an intake camshaft, which causes late closing of the intake
valve at all times. At high loads a reed valve situated in the intake manifold prevented the charge
from being rejected from the cylinder. At low loads, the reed valve was deactivated to allow the
charge to return to the inlet manifold. They asserted that the LIVC system allowed the engine to
operate with wider than normal throttle settings at low speed, thus enabling the reduction of

pumping losses.

2.2.4. Lost Motion Valves

Lost motion valves are operated directly by conventional cams and the timing variation is
produced by varying the length of the pushrod to produce an adjustable lash in the valve
mechanism. The rocker fulcrum or the camshaft is moved to vary the valve lash. Since these
mechanisms convey output motion during only part of the cam lift, they are called "lostmotion”
mechanisms. Lost motion mechanisms are very simple to implement and can be used to attain
very ranges of valve opening. Systems can be designed that automatically vary duration with
engine speed to provide near-optimum full throttle fuel efficiency and torque [1].

Lost motion mechanism, termed a variable timing lifter (VTL), can vary the timing of engine
valve opening and closing, was durable and precise in its control. When applied to a high
specific output engine, the mechanism allowed much lower idle speeds and reduced idle fuel
consumption without compromising high speed power. The VTL can minimize the effects of
fixed valve timing compromise by providing a reduction in valve open duration and valve
overlap at low engine speeds to allow a slow and stable idle, which reduced idle fuel
consumption. The device however, responds only to engine speed and cannot optimize valve

timing for changes in load [10].

12
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2.2.5. Electrically Actuated Valves

Electrically actuated valves are operated directly by electric actuators, usually solenoids. Varying

the time of energizing and de-energizing the solenoids produces variation in the timing.

Schechter and Llevin (1996) introduced a camless engine with independent and continuously
variable control of valve timing, lift and duration. The engine valve opening and closing was
controlled by two solenoid valves that were connected to high and low pressure plenums. Valve
opening was controlled by the solenoid valve connected to the high pressure plenum, while valve

closing was controlled by the solenoid valve connected to the low pressure plenum [11].

The electromagnetic valve actuator (EVA) system that controls valves electronically, without the
need for a camshaft, rocker assembly, and pulley or timing belt was introduced by Douglas in
1997 [10].

The EVA system had one actuator at each valve chamber with two opposing spring coils fitted at
each valve chamber providing the necessary force to open and close the valves. The spring forces
were supplemented by electromagnetic force from the EVA coils. The intake and exhaust valves
were independently computer controlled and timed, making it possible to fine tune air/fuel and

exhaust flows to engine needs.

2.2.6. Hydraulically Actuated Valves

Hydraulically actuated valves are operated directly by hydraulic actuators, usually hydraulic

cylinders and the fluid is metered through either mechanical or solenoid valves.

The use of a hydraulically controlled variable valve system, which utilized a hydraulic
mechanism to open and close the valve was investigated by Desantes in 1988. The system was
based on an axial lifting of the intake valve by a hydraulic plunger. The degree of early intake
valve closing depended on the engine running conditions, which were controlled by a
microprocessor. The microprocessor controlled an electro valve, which discharged the oil
stocked under the plunger through the driven valve. The plunger was located at one end of the
rocker arm, which pivoted around the cam contact point as fixed center. The variable closing of

the intake valve depended on the moment at which the microprocessor ordered the electro valve
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opening and closure [5].

2.2.7. Valves Actuated by Two Cams in Parallel

In these systems, the valves are operated by two cams in parallel in such a way that the
displacement equals the larger effective displacement of either cam. Timing is varied by
changing the phase angle between each cam and the crankshaft. The most common
implementation of this concept employs a single cam profile, which is actually made up of two
separate cams that can be rotationally shifted relative to each other. Two concentric shafts
usually drive the two cams. The outer camshaft drives one set of cams while slots in it allow the

second set of cams to project through from the inner shaft.

2.2.8. Three-dimensional Cam Mechanism

One of the problems of cam profile switching is that the valve motion is switched only between
two specific cam profiles. However, the use of a three-dimensional cam design allows the engine
to continuously change the valve timing, lift and duration over a wide range of engine operating
conditions. In this mechanism, the cam profile continuously varies along the cam axis, and the
axial movement of the camshaft with respect to follower brings a different profile of the cam into
engagement with the follower, prompting a change in valve opening profile. A combination of
three-dimensional cam mechanism and cam phaser has been also implemented to control both

valve timing and valve lift independently [12].

Ball Screw

Figure 2.1 Three dimensional cam mechanism
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2.3.  Common valve timing diagrams

The valve timing of an engine is set to give the best possible performance. This means that the
valves must be opened and closed at very precise times. The traditional way of showing exactly
when the valve opens and closes is by the use of a valve-timing diagram (Figure 2.2). As can be
seen the valves are opened and closed in relation to the number of degrees of movement of the
crankshaft. When comparing the diagrams for the petrol engine of medium and high performance
cars, it will be noticed that the high performance car has larger valve opening periods, especially
the closing of the inlet valve which is later. This is so that at high operating speeds the increased
lag allows as much pressure energy as possible to be generated in the cylinder by the incoming
air and fuel charge, prior to its further compression by the rising piston. There is also an increase

in the value of valve overlap for the high performance engine (Figure 2.3) [13].

@) —— (b) o—

——

EXHAUST ",
CLOSES ™\

EXHAUST '\,
CLOSES ™\

170 \

EXHAUST

EXHAUST J OPENS

OPENS J INLET
/ CLOSES

BDC BDC

Figure 2.2 Valve-timing diagrams (a) medium-performance engine, (b) high-performance engine
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Figure 2.3 Valve-timing diagrams (a) four-cylinder OHV engine, (b) four-cylinder OHC engine

Some manufacturers use slightly different valve timing diagrams for high and low speed engines.
For instance the diagram shown in fig below suggests larger intake closing and exhaust opening
angles. Valve timing of 4-stroke and 2-stroke engine can be drawn into valve timing diagram as

shown in the Figure 2.4 [14].

303°

4-STROKE VALVE TIMING DIAGRAM 2-STROKE VALVE TIMING DIAGRAM

Figure 2.4 Typical valve timing diagram
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2.4. Mathematical models and computer simulation

Many mathematical models have been developed to help understand, correlate, and analyze the
operation of engine cycles. These include combustion models, models of physical properties,
turbulence models, models of the flow of swirl, squish, and tumble in the cylinders, and fuel
injection spray models, models of flow into, through, and out of the cylinders. Even though
models often cannot represent processes and properties to the finest detail, they are a powerful

tool in the understanding and development of engines and engine cycles [15].

Models range from simple and easy to use, to very complex and requiring major computer usage.
In general, the more useful and accurate models are quite complex. Models to be used in engine
analysis are developed using empirical relationships and approximations, and often treat cycles

as quasi-steady-state processes.

Some models will treat the entire flow through the engine as one unit, some will divide the
engine into sections, and some will subdivide each section (e.g., divide the combustion chamber
into several zones-burned and unburned, boundary layer near the wall, etc.). Most models deal
only with one cylinder, which eliminates any interaction from multi cylinders that can occur,

mainly in the exhaust system.

2.4.1. Equations of State of the Working Gases

The equations of state of the unburned (subscript u) and burned (subscript b) are derived on the
basis of combustion equilibrium chemistry and the coefficients of the thermodynamic properties.
These two thermodynamic laws apply to the gaseous fuel-air mixture in the cylinder [15].

During the process of combustion the cylinder contains a mixture of the unburned and burned

fuel-air. The mixture is quantified by the burned to total mass ratio x=my/m,
wherem=my+m,.
The equations of state for each of the gases is

PV ,=mXRXTu,=Cv xT+hf, 2.1)
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PV, =m,xR xTu,=Cv,xT+hf, ... (2.2)
Then, if the gases are homogeneously mixed,
PV =mx(xR,+(1=x)R)xT=mRT . .. ... (2.3)
And
U=mxu=mx(xxCv,+(1—x)XCv )XT+xxhf ,+(1—x)xhf, (2.4)

2.4.2. Heat transfer modeling

The differential heat transfer Q to the cylinder walls can be calculated if the instantaneous
average cylinder heat transfer coefficient hg(6) and engine speed N(=rpm) are known. The
average heat transfer rate at any crank angle 0 to the exposed cylinder wall at an engine speed N

is determined with a Newtonian convection equation:

The cylinder wall temperature Tyis the area-weighted mean of the temperatures of the exposed
cylinder wall, the head, and the piston crown. The heat transfer coefficient hy@) is the
instantaneous averaged heat transfer coefficient. At this stage, the exposed cylinder area Ay (8) is
the sum of the cylinder bore area, the cylinder head area and the piston crown area, assuming a

flat cylinder head. To compute the heat transfer coefficient an empirical equation is used [15].

hg:687XPOJSXUOT/SXbO—OAZSxT—0A4()5 (2.6)

2.4.3. Combustion modeling

Under normal operating conditions, combustion is initiated towards the end of the compression
stroke at the spark plug by an electric discharge. Following inflammation, a turbulent flame
develops, propagates through this premixed fuel, air, burned gas mixture until it reaches the

combustion chambers walls, and then extinguishes.

From this description it is plausible to divide the combustion process into three distinct phases:
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(1) Spark ignition
(2) Combustion development

(3) Combustion termination
Spark ignition

Ignition is treated as an abrupt discontinuity between the compression and burn stages with the
instantaneous conversion of a specified mass fraction f of the reactants to products. This
produces the unburned and burned zone, each assumed to be homogeneous and hence
characterized by its own single state.

Using the 1% law equation for burned gas,

ar, . _av, .. o
Mgy g By P g VIRl 2.7)

Integrating over a small time interval At,

Where the “double dots” represent the moment right after the spark goes on, T} is the initial

value of the temperature in the burned zone right after spark.
Combustion development

Assuming that the burned zone is a cylinder of height, h and radius, r at any instant of 6 and
using the model which consists in a two zone analysis of the combustion chamber which
contains an unburned and burned gas region separated by a turbulent flame front in figure 2.5.
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Figure 2.5 Combustion development

It is possible to predict how the radius, r is going to change during the flame travel, assuming a
linear distribution. The variation of the burned radius due to the change of the crank angle can be

expressed by the approximation in figure 2.6.

f(e) >
r=ﬂ:0 for 0<0,
do '
R -———--"—--- 1 dr 15
/! r=V,(0-0,) and E_V‘f for 0,<0<0,
: ’ dr
"r=R and ——=0 for 0>6
95 65 9 V an 40 or d

Figure 2.6 Variation of burned radius

Being h=h(0) the height from piston, at any instant of #, to the top of the cylinder, comes

Where, v is the total volume of the cylinder.

The burned and unburned volume and mass are easy to predict, now that r and h are known.

The burned volume is,
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And its derivative,

dVb_ 1 » dv+2><v><r dv

=—7r 9
do0 R* do R° do (2.12)

Combustion termination
The end of the combustion occurs when the flame front reaches the walls of the cylinder, r=R.

If the end of the combustion process is progressively delayed by retarding the spark timing, or
decreasing the flame speed by decreasing the piston speed, the peak cylinder pressure occurs
later in the expansion stroke and is reduced in magnitude. These changes reduce the expansion

stroke work transfer from the cylinder gases to the piston.

2.4.4. Turbulence characteristics

The flow processes in the engine cylinder are turbulent. In turbulent flows, the rates of transfer
and mixing are several times greater than the rates due to molecular diffusion. This turbulent
flow is produced by the high shear flow set up during the intake process and modified during
compression. It leads to increased rates of heat, mass transfer and flame propagation, so, is
essential to the satisfactory operation of the ICE.

The turbulence kinetic energy per unit mass, k is described by,

dk 1 am .
K —p-D+ [—E—
dt MC( k dt )

During the burn stage the turbulence energies of the burned and unburned gases are tracked
together using the above equation with just the P and D terms, because during the combustion
there is no mass transfer, so dM./,di=0 and | and E are functions of dM/,d..
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dk _
At (2.14)

: 2. 1dv
P=F L U s eV
5 W) 3ovdt (2.15)
D is the turbulence energy dissipation rate per unit mass and is modeled by,
D=F kv,
e, (2.16)

The coefficients Fy and Fq are parameters that can be set by reference to experiments.

2.4.5. Gas exchange cycle

This cycle deals with the fundamentals of the gas exchange process, intake and exhaust and the

valves mechanism in a four stroke internal combustion engine, called the gas exchange cycle.

This cycle is called the gas exchange cycle because it is where the burned gases from the
expansion stroke are expelled (exhaust stroke, 8 = 6e,0=2 7 to =3x) and fresh fuel-air is ingested

(ingested stroke, Gioto 6 =4 7).

Valves allow the gas exchange to occur. Valve opening and closing control is called valve
timing. The valves are driven by a cam that rotates at half the speed of the crankshaft. The valve
flow area depends on valve lift and the geometric details of the valve head, seat and stem.

Portarea:%rr(Dz—dz)

...................................... (2.17)
Where [=[(8) is the valve lift, D the port diameter and d the stem diameter.
It can be written mathematically as,
. 1 2 2
A= DI(0),—m (D" —d
w=min(m D1(0). 7m( N (2.18)
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The valve lift, /(6) is usually a curve that looks like figure below,

1)

Figure 2.7 Valve lift diagram

Approximating this curve by the formula,

Where, |, is the maximum valve lift.

From the gas dynamics, the isentropic flow through an orifice is given by,

. 2 P& P, EH G
m=pxC x4 xcx(—((5)"=(57) © )~
! k=1"P," P, T, (2.20)
As long as,
P P K
Py P e (2.21)
If,
P() [e)
5 2(57)
v P e, (2.22)
Then,
2 k+1 )
m=m,=p,xC xA,xc,x e
P} e (2.23)
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When

the flow is “choked”. This means that the flow right at the orifice (the valve passage) is “sonic”.
At this condition only i (=constant) can pass through the valve passage regardless of how
small P,/Po is. Note that P, is the upstream pressure (stagnation pressure) and P, is the

downstream (static pressure just “behind” valve).

For an ideal gas,

andc, is the speed of sound,

The non-ideal effects are accounted by introducing a flow coefficient C;, which is assumed to be
Cf =~ 0.40.

2.5. Performance calculations
2.5.1. Theoretical vs Empirical Models

An empirical model is based on past history, like the equations which predict HP per cylinder
from intake valve air flow. These are based on experience with flow testing of cylinder heads

and then dyno testing the engines [17].

Empirical models can be quite accurate if you are doing things similar to the developer of the
model was doing (same fuel, same cam profile, same header design, etc.) However, if you want
to simulate something which the developer of the model has not tried, you are basically "on your
own" [17].

The Pro is mostly theoretical, which means it is based on numerous laws (equations) of basic
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physics, like Force = Mass x Acceleration. These equations are then "tuned" to better fit known

engine data.

Accuracy and Assumptions
Iterations:

Before we talk about accuracy, it is important for you to understand the types of calculations
going on inside the Engine Analyzer Pro and other sophisticated simulation programs. A simple

engine program could involve calculating torque from volumetric efficiency [17].
Torque = K x engine displacement x volumetric efficiency
Where: K is a constant which includes many assumptions

However, lets look at a simplified version of the Pro’s equation which calculates the temperature

rise of intake air as it passes through the intake port.

You enter a volumetric efficiency and obtain a torque value. The answer you obtain on the left
side of the equation has no effect on the inputs on the right side of the equations.

Final Temp = Intake Temp + K x (Final Temp + Intake Temp)

In this case the "Final Temp™ answer you get on the left side has an effect on the inputs to the
equation on the right. The only way to solve equations like this is through "iterations”. Iteration
IS a process where you assume an answer, use that answer in the right side of the equation,
calculate the actual answer and see if the actual answer is "close enough™ to the answer you

assumed.

2.5.2. lteration Process

For this example, use above equation with K=.3, Intake Temp = 80

A. Assume Final Temp is 145 degrees
B. Calculate Final Temp: 80 +.3x (145+80)=147.5
C. Are assumed Final Temp and Calculated Final Temp Close Enough (within 1 degree)?

No, so do again using new Final Temp answer
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A. Assume Final Temp is 147.5 degrees
Calculate Final Temp: 80 + .3 x ( 147.5+80) = 148.25

C. Are assumed Final Temp and Calculated Final Temp Close Enough (within 1 degree)?

w

Yes, so an approximate answer is:
Final Temp = 148.25 degrees

If "close enough” was 3 degrees, our first answer of 147.5 degrees would have been good
enough. If "close enough™ was .1 degree, it may require many more calculations to arrive at an
answer which is "close enough". If the equation is very complex and the inputs are an unusual
combination, no answer may be reached no matter how many times the calculation is performed.
This is called "not converging on a solution”. Making the tolerance "close enough” small will

produce more exact answers but will require more calculation time.
Total Avg Flow Coef

This is the average flow coefficient for the port, valve and runner for the time the valve is open.
It shows how well the port flows compared to a "perfectly” designed port with a "perfect” cam
profile. A perfect profile is defined as one where the valve opens immediately to a lift which
gives maximum valve flow, stays open the entire duration, and immediately snaps shut at
closing. Figure 2.38 compares the actual flow curve with the theoretically "perfect” flow curves

to illustrate Avg Flow Coef.

The Total Avg Flow Coef will compare head and camshaft combinations. An engine with a
Total Avg Flow Coef of 1.0 is physically impossible to build. In reality, the Total Avg Flow
Coef will be approximately .25 for production engines, .30 to .40 for race 2 valve engines, and

up to .50 or more for high RPM, 4 valve race engines.
RPM Data

RPM Data looks much like a dynamometer data sheet which gives projected engine test results
for each RPM tested.

Engine RPM
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Is the engine crankshaft’s rotational speed in revolutions per minute.
Brake Torque

Is the brake torque produced by the engine measured in ft.Ibs. Brake torque is the usable net
torque at the engine's flywheel. This is the same as the torque numbers you see in

advertisements and in dynamometer torque and HP curves.
Brake Power

Is the Brake HP produced by the engine measured in horse power. Brake HP is the usable net
HP at the engine's flywheel. This is the same as the HP numbers you see in advertisements and

in dynamometer torque and HP curves.

2.6. Co, emission calculations

An engine with some brake power output P, can make a vehicle of mass m travel at some

specific velocity V.

Where, F is the product of rolling resistance and weight of the vehicle

Rearranging the above equation,

It is possible to calculate the fuel consumption (kg/km) using the equation below.

Fuel consumption (kg/km) = 2ZL< (k‘z/( I;{(‘:/n};;)rjpb B e eereereesreennns (2.29)

After calculating the difference in fuel consumptions between two cases using subtraction, Co,

emission reduction can be calculated using the equation below [18].

Co, reduced = Fuel saved X CL X OF X 44/12........................ (2.30)
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Where
CL=carbon content of fossil fuels, 0.77ton/kl (fraction)

OF=oxidation factor for fossil fuels, 0.995 (fraction)

2.7. Cam profile construction

Cam is a machine element, which when rotated gives motion to its follower, in a desired manner.
Its use can be seen in internal combustion engines for the operation of the inlet and exhaust valv.
The motion may be linear or nonlinear. There are many types of cams and cam followers. The
type of cam and its follower depends upon the requirement [19].

Types of cams

Cams canbe classified according to the shape, and type of motion given by the
cam. Various shapes of the cams are shown in figure 2.8. According to the shape, there are two

main types: radial and cylindrical.

Follower
movemert Follower

movement Follower Follower

il /7 }
s 748

(A) Radial cam (B) Circular cam (C)Face cam (D) Clincrical cam
Figure 2.8 Types of cam
Radial cam

In the radial type, the follower moves perpendicular to the axis of rotation. The radius changes

with change in angle. The peripheral face is used to drive the follower.

Figure 2.9 shows a generalized radial cam with the various periods of motion for the follower. At

minimum radius (base circle), the follower is at the lowermost position. When the
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cam rotates, it is moved radially outward during the lift period.
Then the follower remains at its highest position for the dwell period. It thendescends during the

fall period back to the basecircle and remains at this position for the other dwell period.

A cam can have any value of these periods to give the desired type of motion.

Cam

A - Dwell period at top
B - Lift period

C - Dwell period at base
D - Fall period

Base circle

Figure 2.9 Radial cam periods of motion

Velocity during lift and fall period will depend upon the shape of the flank. VVarious shapes that a
re commonly used are the following:

MNose radius

{(A) Tangent cam {B) Circular arc cam {C)S.HM. Cam

Figure 2.10 Types of radial cam
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Lift diagram

Before drawing a cam profile, it is necessary to draw the lift diagram for the rise and fall period.
It is nothing but an X-Y plot showing the movement of the follower on the Y-axis and rotation
angle on the X-axis. It is needed for both radial and cylindrical cams. These diagrams are
generally made full size so they could be directly measured and transferred to the drawing of the

cam. The following information is necessary before the drawing:

e Lift period in degrees

e Rise period in degrees

e Types of motion like constant velocity or constant acceleration, etc. during rise period
e Fall period in degrees

e Type of motion during fall period

e Duwell period in degrees at base circle and nose
Drawing a radial cam
To draw a radial cam, the following data should be known:

e Lift diagram as drawn earlier
o Base diameter

e Width of cam

e Type of follower

e Diameter of follower

First, the displacement diagram, as shown in figure 2.11, is drawn as discussed in the following
steps [31]:

1. Draw a horizontal line ANM such that AN represents the angular displacement when valve
opens (i.e. 53.5°) to some suitable scale. The line NM represents the angular displacement
of the cam when valve closes (i.e. 53.59).

2. Divide AN and NM into any number of equal even parts (say six).

3. Draw vertical lines through points 0, 1, 2, 3 etc. equal to the lift of valve i.e. 16 mm.
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4. Divide the vertical lines 3 — fand 3’ — f’ into six equal parts as shown by points a, b, ¢ ...
and a’, b’, ¢’ ....in figure 2.11.

5. Since the valve moves with equal uniform acceleration and deceleration for each half of the
lift, therefore, valve displacement diagram for opening and closing of valve consists of
double parabola.

6. Join Aa, Ab, Ac intersecting the vertical lines through 1, 2, 3 at B, C, D respectively.

7. Join the points B, C, D with a smooth curve. This is the required parabola for the half of
valve opening. Similarly other curves may be drawn as shown in figure 2.11.

8. Thecurve A, B, C, ..., G, K, L, M is the required displacement diagram.

Valve opens > Valve closes ————»
4 G {
— . A
et—"1L d_,—/gf wh“‘ k%““ e
db—= - H |y
- c ’ I ¢’
C ; D I K
B 1 xz | ~ |t
A= | N . ——Y
0 1 2 3 4 5 6 1 2 3 4 5 6
* 53.5° Lt ] 53.5° »

Figure 2.11 Radial cam lift diagram
Now the profile of the cam, as shown in figure 2.11, is drawn as discussed in the following steps:

1. Draw a base circle with center O and diameter.

2. Draw a prime circle with center O and radius, OA= Min. radius of cam + ¥;(Diameter of
roller)

3. Draw angle AOG to represent opening of valve and angle GOM to represent closing of
valve.

4. Divide the angular displacement of the cam during opening and closing of the valve (i.e.
Angle AOG and GOM) into same number of equal even parts as in displacement
diagram.

5. Join the points 1, 2, 3, etc. with the center O and produce the lines beyond prime circle as
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shown in figure 2.12.

6. Set off points 1B, 2C, 3D, etc. equal to the displacements from displacement diagram.

7. Join the points A, B, C, ...L, M, A. The curve drawn through these points is known as
pitch curve.

8. From the points A, B, C, ...K, L, draw circles of radius equal to the radius of the roller.

9. Join the bottoms of the circle with a smooth curve as shown.

Pitch

curve

s\

! \
/—'—Cam shaft

=0 .' 1 .

2 / !

Cam
profile

Base T
circle

Figure 2.12 Radial cam profile construction

2.8. Linear Data Fitting

Given data points (t1, Y1), ...., (tm, Ym), Which are assumed to satisfy
yi = Y(6i) + €

Y is the so-called background function and the {e;} are (measurement) errors, often referred to as
“noise”. We wish to find an approximation to Y(?) in the domain [a, b] spanned by the data
abscissas. To do that we are given (or we choose) a fitting model M(x, t) with arguments t and

the parameters X = (X, ...,x)". We seek £such that M(z, t) is the “best possible” approximation to
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Y()for te [a, b]. In all data fitting problems the number of parameters is smaller than the number
of data points, n<m [20].

As a simple example consider the data

t;

Yi

—-1.5
—0.5
0.5
1.5
2.5

0.80
1.23
1.15
1.48
217

Figure 2.13 Linear data fitting

Figure above shows the data points and the model M(x, t) = X1t + X, with the parameter values
x1= 0.2990, x, = 1.2165.

In the next case 45 data points shown by dots in Figure below can be fitted with the model

—x4t

M(X, t) = xze 7'+ x,e

In the figure two different choices of the parameters are used,

0.4

0.31

02L7 /- TSR

0.1F,

Figure 2.14 Polynomial curve fitting

Full line: %= (4.00, -4.00, 4, 5)'Dashed line: %= (0.84, —0.66, 2, 4)"

The first choice of parameters seems to be better than the other. Actually, the data points were
computed by adding noise to the values given byY(%) = M(%,t;), so in this case Y(t) = M(x,t) with

X=X
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Chapter Three

METHODOLOGY

Several steps have been followed while conducting the study from start to end. After reviewing
previous works on related subjects, an engine model with complete specification was selected
and modeled in a simulation program known as ENGINE ANALYZER PRO.

Several literature have been reviewed in the areas of the current states and developments and
difficulties in CVVT systems; studies conducted on VVT systems using computer simulation
programs; data optimization techniques to linearize fluctuating data; hydraulic actuation systems
and mechanisms; the workings, algorithms and degrees of reliability behind Engine simulation

programs.

Different input categories were required to be filled into the program to conduct the simulation.
These input categories are cylinder head specification; engine block specification; intake and
exhaust system specification; valve/cam train specification; charging system specification and

simulation condition specification.

Characteristics such as intake and exhaust valve diameters, port diameter and average port length
are included in the cylinder head specification, and cylinder diameter, stroke, connecting rod
length; number of cylinders and compression ratio are included in the engine block specification.
The parameters under the intake and exhaust system specification are design and type of the
manifold; runner length, runner flow coefficient and if it is whether injection or carburation. The
charging system specification allows choosing whether it is naturally aspirated or otherwise.
Also, under the simulation condition specification, type of fuel and atmospheric conditions;
engine rpm to start running simulation and the intervals of speed with the final speed are stated.

While these parameters are filled with careful considerations, the category given the most
emphasis in this study is the valve/cam train specification which allowed varying the valve
opening angles; closing angles and valve lift for both intake and exhaust cams. Other parameters

such as rocker arm ratio and degree of asymmetry for the cam profile are available under this
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category. Using this category, valve timing angles and lift were tuned with the intension of

finding optimum values for better performance at selected engine speeds.

General steps followedin this study aresummarized and shown in the work flow chart figure3.1

below.

|

Select engine model

with complete

specification
Setup and test existing Identify optimum valve Optimize new VVT
VVT system timing variables at each d system
engine speed using l, N
simulation

Setup and test new
VVT system

Compare results
obtained

Performance NO

improved

Prepare 3D model and
dimension relationships

y
Conclusion and

recommendation

|
Figure 3.1 Work flow chart
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The 2001 NISSAN X-TRAIL Engine model is selected for this study due to its relatively more
complete specification when compared to other models. This specific engine model is 1997cc,
naturally aspirated, carbureted and no VVT system with four valves per cylinder giving an
output of 102 KW maximum power at 5200 rpm and 198 Nm of maximum torque at 4400 rpm.

In order to find the optimum valve timing parameters at a specific engine speed, each parameter
was independently varied and simulations were run for each variations of for instance ivo, to
observe the performance until maximum possible values are obtained. Then the same step is
followed for the rest of the parameters namely ivc, evo, evc, ivl and evl. After the test at one
specific speed is completed, the simulation speed is changed and the procedure is repeated for all

the fourteen sample speed up to 7000 rpm.

The optimum valve timing and lift values obtained from the simulation are slightly fluctuating,
which makes construction and operation of the camshaft difficult. Even if the camshaft could be
constructed with such a complex shape, it will become impossible to develop a suitable follower
system to smoothly work with the camshaft. Hence, these results have been modified into linear
functions that best approximate the fluctuating values. While doing this, trying to represent all
fourteen values with only one linear function reduces the effectiveness of representation, so two
linear functions are applied with different slops where the last function continues from the first

one.

Performances of the existing system and the new CVVT system obtained in the simulation have
been exported and analyzed in MS EXCEL. After analyzing the results, fuel consumption and
Co, emissions are calculated and compared to estimate improvements on volumetric efficiency,
power, torque, bsfc, fuel saving and Co, emission reduction. The values have also been plotted
and analyzed using MS EXCEL.

The new CVVT camshaft has been modeled in SOLIDWORKS along with suggestion of
operating mechanism that only involves the cylinder head. The suggested actuation and

operation mechanism tries to reduce problems arising with complexity and friction.

Relationships of dimensions relative to cylinder bore have been derived for all variables that
describe the size and shape of the camshaft. These dimensions include the lift values of the six

cam profiles; angles of opening duration and the angular shift of the centerline of the cam
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profiles from the center angle between TDC and BDC; and the axial distance between

consecutive cam profiles.
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4.1. Engine setup

Chapter Four

RESULT AND ANALYSIS

In this section an engine model with complete specification is selected and the parameters are

setup on the simulation program to analyze its performance. Due to numerous data availability

than most manufacturers provide, the NISSAN X-TRAIL ST 2.0L is selected for this study.

4.1.1. Engine specification

Table 4.1 summarizes most important dimensions required for program input. Other parameters

which are not provided by the manufacturer are taken from previously conducted design

exercise.

Table 4.1 Engine specification

Model ST20
Number of cylinders 4
Engine capacity 2 liter
Displacement(cc) 1997
Bore(mm) 84
Stroke(mm) 90.1
Compression ratio 10.1
Maximum

power(Kw@rpm) 102@5200
Maximum

torque(Nm@rpm) 198@4400
Number of valves/cylinder 4

This engine is not fitted with any form of VVT system, and is also naturally aspirated, which

means no turbo or supercharging system is available.
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4.2. Software input

Setting up the study is conducted in seven steps starting with filling the basic engine parameters
listed in table under short block specs, except power and torque, which will be determined after
running the simulation.

B9 Short Block Specs for: Untitled =
Block /Pistons/Rods Accessories
Bore. mm Cooling Fan Type m
Stroke, mm Clc Water Pump & Drive ’W
# of Cylinders I:I Engine+Dyno Inertia / Crank Design
Pizton Rings |3 Standard Tension j Lb x Ft™2 |Eng Drily, 5td Flpwhl ﬂ
Rod Length. mm Design |Typica|\.u\-"indage j
=R |T5J|:uica| Skit j Calculated Specs
Bearing Size | £5 | Culn  CCs  Liters
Piston Top [N Coating = CylinderVolume 3047 4934 0,499
e e
Chamber Volume  3.35 54.9 0.055
Help Bore/Stroke: 0932 Rod/Stoke: 1.421
Cylinder bore meazured in millimeters, p 13 Comments
119 Help | Retrieve from Library | Save to Library | Print |
A

Figure 4.1 Engine block condition setup

The next step is to setup the cylinder head parameters under Head Specs. Some of the
terminologies for this section are not available in the manufacturer’s specification; hence values
are taken form a similar sized engine example file in the simulation program except for valve
diameter and average port diameter.
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B, Cylinder Head Specs for: Untitled o s e e - =5
Intake Port Specs Exhaust Port Specs
#t Valves/Ports  (FEE oo #t Yalves/Ports |2 valves jointo 1 port j

Walve Diameter. mm Walve Diameter. mm
Avg Port Diameter, mm Avg Port Diameter. mm

Port Length, mm 124.99 Port Length, mm
Port %ol 77.0cce  Awg Port Area B.16 sg cm Port %ol 405 cce Awa Port Area 5.31 sgcm

Single Flow Coefficient Single Flow Coefficient
Anti-Reversion, % ICI Anti-Reversion, % D

(U Use Single Flow Coef (@ Use Single Flow Coef
(@ Uze Flow Table Flow Table (T Uze Flow T able

Combustion Chamber Mizcellaneous
|| | [Compression Ratio M aterial/Coating |.t’-‘n.luminum ﬂ
Chamber Design. # Plugs, Direct Injection. Burn Rating |T_.|inca| j
i Pent Roaof j Comments
Help Intake flow is actually meazured from -

production heads. Exh iz estimated from
similar Modular exhaust ports, and should
flow about 195 CFM at 28"

MHumber of intake valves and ports per cylinder. usually 1
valve and 1 part. Click on arrow to pick from list. p 17

elp ee Layout etrieve from Library ave to Library rint ngles
1] 4 Hel See L. Retri f Lib 5 Lib Pri Angl

Figure 4.2 Cylinder head condition setup

The intake system parameters are also setup in the same manner. Here also there are parameters

which are not provided by the manufacturer, so similar process as head specificationsis taken.
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P

[ Intake System Specs for: Untitled

" Manifold Specs [ 1 runner/cyl]

[Type IUse Specs Below ;I

|Hunner Dia @ Head. mm |50

[Design IStraightHunnerS, merge to head LI
pra_ |
[Runner Flow Coef |2—| 1T.5lspi_c§ Ilsy
-

[Manifold Type ISingIe Plane-carb(z] LI

|Hunner Length, mm

|H unner Taper, deg

Examples of thiz Marnifold Tepe' [chck for zource]

[Intake Heat IHeduced Heat ;I

' | Fuel Delivery Calculations

C'Yes @ No Calculate carburetor requirements, like

See Specs I iet size

" Carburetor[s]

|Tuta| CFM Rating

1800
[ [Secondary Throttles [Open @ 4000 Pt < |
[~ |Air Cleaner CFM Rating (1200
I~ [Air Meter CFM Rating 600
[~ [Restrictor CFM Rating i

" Plenum Specs

(8 Estimate Specs () Use Specs Below

g
101.6
25 (o

[Plenum Volume, CCs

[Effective Carb Length, mm
[Total Carb Area, sq CH

Help }
Click on down arrow buttan ta let program estimate

typical specs, o to use poUr own SPECE. P

" Comments

Estimate of “very smooth™ plastic manifold -
intake runners and 83 mm throttle body.
Runner dimenzions are measured.

114 Help See Layout

Retrieve from Library

Save to Library Print

Figure 4.3 Intake system condition setup
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The exhaust system specs are then setup with the same process as before.

B Exhaust System Specs for: Untitled ﬁ

Header Primary Specs [ 1 runner/cyl] Exhaust/Muffler System
(_) Open Headers

T LR 1 sight Primary [no diameter chana g -
B v e (® Full Exhaust [CFM Rating
Section 1, Inside Dia. mm 40.64 Clc Collector Specs

Section 1. Length, mm (") No Collector

- _ . (@ Simple Collector  Simpler, faster calcula-
Section 2, Inside Dia, mm 45.72 tion. Usually gives good results and runs about

Section 2, Length, mm I:I 2 times faster.
(") Detailed Collector tdathematically detailed

Section 3, Inside Dia, mm l:l Clc calculation. Itz accuracy has been improved in
thiz Yerzion 3.5

:| Collector Length, mm _
i | Bunner Flow Coef Collector Dia, mm I:I =

Section 3, Length, mm

Collector Taper. deg Cl
{s| I Help Comments
Click on down armow to pick header dezign, either a estimate of relatively short tube headers | »

straight zection of pipe or a pipe which steps up to a
larger diameter zome length from the port. p 35

1].4 Help | See Layout | Retnieve from Library | Save to Library | Prnint

Figure 4.4 Exhaust system condition setup

Some unknown parameters are taken from a similar sized engine file while setting up the above
sections, but also fair values are taken and are the same for all tests to be conducted ahead. The
main focus of this study being to find the optimum valve events for different engine speeds,

other engine parameters will not have much effect on the results.
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4.2.1. Cam/Valve Train Specs

The main concern of this simulation lies in this section, which allows varying the valve profile.

— i isaam
- m— e —

B Cam/Valve Train Specs for: Untitled

Cam Profile Intake Profile E zhaust Profile Overall Cam Specs

Centerline. deg ,ﬁ | ATDC |1|]5_5 | BTDC Total Cam Advance lm‘
Advertised Duration [282 | [273 || | ILobe Separation. cam deg
Open @ seat [30 | BTDC  [63 | BBDC | | [Lift for Rating Events [5eo Timing =
Close @ seat |?2 | ABDC |3|] | ATDC

Calculate ¥alve Train Dynamics

Max Lobe Lift. mm [10 |[cid [0 | [cic] O Yes ® No |

WYariable Yalve Timing [V¥T)

\| | Bocker Arm Ratio |1 | |1 | ) ¥es @ No |
Lifter [profile] Type |Spec Hyd Flat j |Spec Hyd Flat ﬂ C
Ramp Rating. % [60 | [60 | 140 ICL and 121.5 ECL are default -
centerlines.
Asymmetry, deg ||] | |l] | Low RPM intake advanced 40 deg and | &
= only 14 deg by 7000 RPM.
Gross Yalve Lift. mm |"] | |‘I 0 | Exh is basically 15 deg retarded from
| - - default for all RPMs. i
Dwell Over Nose [0 DegStd Profil | [0DegStd Prafi -] | | (22242 10 AW RTHES
[Duration @ 200" [176.2 | (705 || [ Help
= Location of center of intake lobe of cam as currently
|| | Use a Cam File [ Yes I Yes installed, degrees after TDC. Click on Cle button ta
calculate from other cam specs. p 41
Pick Pick
Intake Exhaust
I 114 | Help Retrieve from Library Save to Library Print
Valve Lift
10—
8_
A
4
2_
o
60
Click graph line to display data here ---» Crank Deg = Valve Lift =

Figure 4.5 Cam/valve train condition setup

In this interface any valve profile can be setup and tested for performance. Parameters such as

opening angle, closing angle, lift and centerline angle can be independently varied.
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Finally under Turbo/Supercharger Specs Naturally Aspirated is selected.

r b

Type of Supercharger

(@) None [naturally aspirated]
(") Roots Supercharger
(") Centrifugal Supercharger

(") Turbocharger

4.2.2. Running Simulation
Before running the simulation, it is necessary to specify the environmental condition (weather)
for engine operation, type of fuel, type of cooling system and the engine speed of interest. It is

also possible to select a range of speed with a fixed interval.

At completion of the simulation process, the engine performance parameters are displayed in a
tabulated manner with a plot option for visual analysis. The tabulated parameters can also be
exported and saved for reference and comparison on a later time using other programs such as

excel.
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[ Calculate Performance Conditions for: NISSAN X-TRAIL 2.0L |t
Test Conditions Fuel Specs
Type |Gasoline j
Fuel Richness |T_l,l|3ica| for best power j
Intake Air Temp. deg F Approw: A/F =125 Typical Octane: 90

Elevation, feet

Dew Point, ng F Fuel Octane [H+H]f2
IC' ol ® Mo Mitrous Dxide
= ) With Nitrous Oxide ;
Cooling System || jquid Cooled

Coolant Temp, deg F
Spark Curve Specs
Accel Rate, RPM/sec |D Steady State j |Spark Giving Best Power j

Do Chain Calculations ?
RPMz to Run " Mo ‘ l
tl
Starting RPM @itz

Mumber of RPM Steps

Il

" | IRPM Step Size
|HPM Presvigws: 500, 1000, 1500, ... 7500

W [ Help
Click. an arrow to select 2 standard zet of duno
weather conditions or ta Use Conds Below where

you £an set weather conditions. p B3 OK/Return ‘ Help ‘ Calculate Performance

Figure 4.6 Simulation condition setup

4.3. Tuning process

The tuning process is the most important part of this study since it aims at finding the optimum
valve timings for all the speed ranges from 500-7000 rpm with intervals of 500. Starting from
500 rpm, the three main valve profile parameters namely, opening angle, closing angle and lift
are changed in a progressive manner while recording and observing their performance. Finally
the values with better performance are selected and recorded for further optimization that might

be needed.

As a way of comparing the valve profiles, four performance parameters are selected which
areVolumetric efficiency, Brake Torque, Brake Power and Brake Specific fuel consumption. In
this way, if one parameter tends to give an unexpected value, another parameter can give

additional information.

To make things more clear, while tuning EVC/ATDC at 1000 rpm, starting from 5° and

increasing the value, the volumetric efficiency and power or torque increases. However at some
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point the volumetric efficiency,torque and power start to reduce after 11°, so it is selected as a
better value. Sometimes volumetric efficiency,torque and power keep increasing while bsfc also
starts to increase at some point. This can be seen for IVO/BTDC, while changing the value from
16 to 18, bsfc starts to increase. In such cases the bsfc value is used as a limiting factor.

Also for IVL value at 6000 rpm table shown in appendix section A, while changing value from
14.5 to 15, volumetric efficiency increases, but power and torque reduce while bsfc increases.
This mainly happens because of too much air/fuel mixture in the cylinder and not enough time to
burn completely. In some similar cases, the increase in bsfcmay not be clearly seen at the results
of bsfc due to only three decimal places allowed by the program.

To show how the valve timings are selected for each sample speeds, tuning process for 1000 rpm
is presented in table 4.2. The order of the valve timing parameters in the tables is in the sequence

of which was tested first, second and so on.

Table 4.2 Tuning process at 1000 rpm

1000 rpm test result
degree | VE(%) | To(Nm) | Pp(Kw) | bsfc(kg/Kwhr)
10 81.6 | 180.41 18.9 0.273
12 81.6 | 180.69 | 18.93 0.273
ivo/btdc(deg) 14| 81.8] 180.92| 18.95 0.273
16 819 | 181.11| 18.96 0.273
18 82| 181.48 | 19.01 0.274
10 819 | 181.11| 18.96 0.273
ivc/abdc(deg) 12| 81.89| 180.96 | 18.95 0.274
8| 81.87| 181.12 | 18.97 0.273
25 819 | 181.11| 18.96 0.273
evo/bbdc(deg) 27| 81.87| 180.89 | 18.94 0.273
23| 81.77| 18112 | 18.97 0.273
evclatdo(deg) 5 819 | 181.11| 18.96 0.273
7 819 | 181.35| 18.99 0.273
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9| 8225| 18191 | 19.05 0.273

11| 8251 | 182.37 19.1 0.273

13| 82.23| 179.89 | 18.84 0.273

16 | 82.51| 182.37 191 0.273

17| 82.66 | 183.02 | 19.16 0.273

ivo/btdc(deq) 18| 8271 1829 | 19.15 0.273
19| 82.88 | 183.18| 19.19 0.273

20| 83.09| 183.52| 19.22 0.274

8| 82.88 | 183.18| 19.19 0.273

ivc/abdc(deg) 9 82.9 | 183.23| 19.19 0.273
10| 82.89| 183.18| 19.19 0.273

25 829 | 183.23| 19.19 0.273

evolbbdc(deg) 26 | 83.05| 183.37 19.2 0.274
24| 8298 | 183.39 19.2 0.273

23| 82.78 | 183.12| 19.18 0.273

11| 8298 | 183.39 19.2 0.273

evc/atdc(deg) 12| 83.08| 183.75| 19.24 0.273
13| 83.36| 184.16 | 19.28 0.274

11| 83.08 | 183.75| 19.28 0.273

wi(mm) 12| 83.24| 184.01| 19.27 0.273
13| 81.06| 179.29 | 18.78 0.273

125 | 83.28 | 184.07 | 19.28 0.273

11| 83.28 | 184.07 | 19.28 0.273

evl(mm) 11.5| 83.38| 184.11| 19.28 0.274
12| 83.33| 184.07| 19.28 0.274

As can be seen from the table, ivo was initially set at 10° and after running the simulation, the
four selected parameters are recorded. Then ivo is increased with steps of two degrees. While
changing ivo from 16° to 18°, the volumetric efficiency increased by only 0.1%, but the bsfc also
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started to increase. At this point the optimum ivo angle is decided to be 16° and is highlighted

for ease of observation.

This step is repeated for ivc, evo and evc after which it is repeated with a step of 1°. This gives
more accurate values and also uses as a checking mechanism if the later tuned values affect the
earlier ones. Finally lift is independently tuned for both intake and exhaust valves.

After conducting this process for all the selected speeds, the optimum valve profile parameters

are summarized and presented in table 4.3.

Table 4.3 Simulation result for optimum valve timing parameters

rpm ivo/btdc | ivc/abdc | evo/bbdc | evc/atdc | ivl evl

500 9 8 24 5 11 11
1000 19 9 24 12 12.5 11
1500 26 11 28 16 13 125
2000 28 9 28 14 13 13
2500 28 21 36 20 13 125
3000 31 31 37 19 13.5 135
3500 34 41 35 24 13 13
4000 29 26 30 21 13 13
4500 42 35 36 22 14 13
5000 37 37 48 21 14 13
5500 32 49 55 26 15 13
6000 28 59 63 22 14.5 135
6500 20 72 62 19 145 14
7000 16 76 59 21 14.5 13

As shown in table, 14 sample speeds are tested and their optimum valve timing parameters show
a slightly fluctuating but somewhat continuously increasing or increasing and decreasing at the

same time. Among the 14 sample points, three or four points are seen to be out of the acceptable
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trend line. For instance, in figure below, the ivo angle shows an increasing behavior up to 3500

rpm, and starts to reduce in a fairly linear manner.

It was difficult to justify the reduction of ivo after 3500 rpm and the analysis was repeated with
slightly higher atmospheric pressure, but a similar result was obtained. But another analysis done
on the same engine fitted with a turbo charger showed characteristics that was initially expected
and ivo angle continued to increase up to 7000 rpm.This is an obvious reason to believe the valve
timings for naturally aspirated and turbo/super charged engines are very different. This also
justifies the reduction of ivo after 3500 rpm is due to the induction system of the engine. In the
case of a naturally aspirated engine, if intake valve opening is large at high speeds, more air
might be admitted into the cylinder, but lack of resistance in the exhaust manifold due to no work
to be done on turbocharger turbine will allow some portion of the air fuel mixture to escape.

This reduces the power and torque, and increases BSFC.

Here it is clearly seen that the sample point at 4000 rpm is out of the trend line and such errors
are common in computer simulations. Also, since the rest 13 sample points fairly conform to a
second order polynomial function, the sample point with an exaggerated error is ignored. This
assumption is also made for all the parameters unless points with error exceed a number of 4, in

which case the analysis is repeated with some adjustment to the assumed input variables.

A second order polynomial curve fittings are plottedand their equations are also shown for all the
parameters while y represents the angles for opening and closing of valves and x represents the

engine rpm. For lift values, y represents valve lift in mm.

The average error values for these functions are given below each graph calculated by summing
up all error values of each data point and dividing by the total number of data points in equation
4.2).

Summary table of error values is given in appendix A2 and A3 for thepolynomial curve fittings

and the linear data fittings.
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Figure 4.7 Intake valve opening angles
e=0.124

In the optimization section of this paper, it is clearly discussed how the sample points are
approximated to two linear functions. Figure 4.8 shows the optimum ivc angles at each sample

engine speeds. Here also fluctuating results are observed, but 11 out of 14 sample points are seen

to be fairly continuous.
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Figure 4.8 Intake valve closing angles
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Exhaust valve variables are where the most fluctuating results are seen. As shown in figure 4.9,
evo angles tend to increase up to 3000 rpm and then decrease up to 4000 rpm, then increase
again upto 6000 rpm and slightly decrease up to 7000 rpm. However these sample points can

also be fairly approximated to two linear functions.
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Figure 4.9 Exhaust valve opening angles
e =0.09

For evc angles shown in figure 4.10, the sample point at 5500 is slightly out of the trend line.
However, the rest 12 sample points can also be easily approximated to two linear functions,

which will be discussed in detail in the optimization section.
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Figure 4.10 Exhaust valve closing angles
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e=0.12

Valve lifts for both intake and exhaust valves show a generally increasing trend with increasing
engine speed, and also with relatively less fluctuation. Here the sample points can easily be

approximated to a single linear function.

16
14
12
3 10
E 3
&£ ——iv|
=4 6
4 y = -4E-08x? + 0.0008x + 11.352 e POy (iVl)
2
0 T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Engine speed (rpm)
Figure 4.11 Intake valve lift values
e=0.03
16
14
12
3 10
E 3
= —t—cv|
= 6
4 Poly. (evl)
5 y = -9E-08x? + 0.001x + 10.714
0 T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Engine speed (rpm)
Figure 4.12 Exhaust valve lift values
e=0.03
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4.4.  Modification of cam profile

As has been seen in previous section, all the cam profile variables have fluctuating values. In this

condition, it is not possible to design and apply a camshaft with such shape. Even if the camshaft

could be designed, it would be hard to develop a practical follower system to go with this

camshaft. This problem is avoided by using one or two linear functions that can fairly describe

the trend of the variables.

Linear function approximations of the cam profile variables are presented in table 4.4. Here the

functions are drawn in a way to match the values of the variables obtained from the simulation as

closely as possible.Diamondshapes are used to mark the simulated results and squareshapes

connected with straight lines are used for the modified values.

Table 4.4 Modified valve timing parameters

rpm ivo ive evo eve ivl evl

500 | 15.00 6.00| 24.00| 10.00| 12.00| 11.50
1000 18.13 10.00 25.71 11.86 12.23 11.69
1500 21.25 14.00 27.43 13.71 12.46 11.88
2000 24.38 18.00 29.14 15.57 12.69 12.08
2500 27.50 22.00 30.86 17.43 12.92 12.27
3000 30.63 26.00 32.57 19.29 13.15 12.46
3500 | 33.75| 30.00| 3429| 2114 | 13.38| 12.65
4000 | 36.88| 34.00| 36.00| 23.00| 13.61| 12.85
4500 | 40.00 38.00 | 40.83 22.67 13.85 13.04
5000 35.40 | 4540 | 45.67 22.33 14.08 13.23
5500 30.80 52.80 50.50 22.00 14.31 13.42
6000 26.20 60.20 55.33 21.67 14.54 13.62
6500 21.60 67.60 60.17 21.34 14.77 13.81
7000 | 17.00| 75.00| 65.00| 21.00| 15.00| 14.00

For ivo angles shown in figure 4.13, two linear functions are used one going continuously up to

4500 rpm and the second one up to the 7000 rpm. It can be seen that two of the sample points at
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500 rpm and 4000 rpm are far out of the trend line. Also the points at 1500 and 2000 rpm are

slightly out of the trend line, but the rest 10 sample points are very closely represented.

Error values obtained with equation 4.1 and the equations describing the functions are given

below the graphs for all parameters.
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Figure 4.13 Modified intake valve opening angles
IVO/BTDC = (0.00625 X RPM) + 11.875For : 500< RPM < 4500
IVO/BTDC = (—0.0092 x RPM) + 81.4For :4500< RPM < 7000
e=0.119

Similarly for ivc angles, three sample points at 2000 rpm, 3500 rpm and 4000 rpm are seen to be
slightly far out of the trend line, but the rest 11 sample points fairly conform to the modified
function. It should also be noted that the two linear functions intersect at 4500 rpm, which is
similar to the functions for ivo angles. This is because both ivo and ivc angles are supposed to be
modeled on the same cam, and can be made by linearly connecting three cam profiles at 500

rpm, 4500 rpm and 7000 rpm.
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Figure 4.14 Modified intake valve closing angles
IVC/ABDC = (0.008 X RPM) + 2For : 500 < RPM < 4500
IVC/ABDC = (0.0148 x RPM) — 28.6For :4500 < RPM < 7000

e =0.207

When coming to evo angles, almost all sample points conform to the trend line except two points

at 4000 rpm and 6000 rpm that are slightly out of the trend line. As shown in figure 4.15 below,

the two modified functions intersect at 4000 rpm, which means the functions for evc should also

intersect at 4000 rpm.
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Figure 4.15 Modified exhaust valve opening angles
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EVO/BBDC = (0.00343 X RPM) + 22.286 For : 500 < RPM < 4000
EVO/BBDC = (0.00966 X RPM) — 2.667 For : 4000 < RPM < 7000
e =0.081

Figure 4.16 shows evc angles which and slightly out at 500 rpm and 5500 rpms. The rest 12
sample points fairly conform to the two linear function approximations that intersect at 4000

rpm, which is same intersection point as the functions of evo angles.
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Figure 4.16 Modified exhaust valve closing angles
EVC/ATDC = (0.00371 X RPM) + 8.145 For : 500 < RPM < 4000
EVC/ATDC = (0.00066 X RPM) + 25.64 For : 4000 < RPM < 7000
e =0.143

Lift values for both intake and exhaust valves are each represented by single linear functions

with increasing trends from start to end as shown in figures 4.17 and 4.18.
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Figure 4.17 Modified intake valve lift values
IVL = (0.00046 x RPM) + 11.76
e =0.029
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Figure 4.18 Modified exhaust valve lift values
EVL = (0.00038 x RPM) + 11.308
e =0.036
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When comparing the average error factors of the second order polynomial curve fitting and the
linear data fitting, the linear data fitting has higher error for IVC, EVC and EVL while it has
lesser error for IVO, EVO and IVL.

4.4.1. Major cam profile variables
The major cam profiles define the shape of the cam when the axial distance between them is
clearly known, which will be discussed in detail in the modeling section of this paper. But first
these major cam profiles are summarized in table 4.5. For intake cam profile, the three defining
points at 500 rpm, 4500 rpm and 7000 rpm are given the name IC1 , IC2 and IC3 respectively.
Similarly the defining points for exhaust cam at 500 rpm, 4000 rpm and 7000 rpm are given the
name EC1, EC2 and EC3 respectively.

Table 4.5 Major cam profile variables

obtdc cabdc | lift
IC1 15 6 12
IC2 40 38 | 13.846
IC3 17 75 15

obbdc catdc lift
EC1 24 10 11.5
EC2 36 23 | 12.846
EC3 65 21 14

4.5. Performance of original engine camshaft

To estimate the performance of the original camshaft of the engine in this study, it is necessary to
have a complete cam profile variable values. But this was not possible because such data for this
engine model is not provided by the manufacturer and such type of information is not commonly

provided by most manufacturers.

The second best option is to select a cam profile from those obtained in the simulation that better
meets manufacturer power and torque specification, and at the same time gives better

performance for all speed ranges. In this regard, the 3000 rpm cam is selected to be the original
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camshaft on this engine and its performance estimation obtained from conducted simulation is

presented in table 4.6.

Table 4.6 Performance of existing camshaft

Engine Brake Brake
RPM VoIEff Tq Kw BSFC
500 | 69.232 | 130.36 6.82 | 0.321
1000 79.974 175.57 18.39 | 0.276
1500 84.248 197.9 31.09 | 0.257
2000 100.48 232.2 48.63 | 0.262
2500 | 104.938 243.04 63.63 | 0.261
3000 | 96.275| 226.15 71.05 | 0.257
3500 86.283 197.22 72.29 | 0.265
4000 86.998 195.1 81.73 | 0.269
4500 90.166 199.2 93.88 | 0.274
5000 90.382 195.05| 102.13| 0.28
5500 89.871 187.25| 107.85| 0.29
6000 87.114 1747 | 109.77 | 0.301
6500 79.382 151.38 | 103.04 | 0.317
7000 74.568 131.42 96.34 | 0.343

For more clear observation, each performance parameter is plotted with respect to engine speed.
Figure 4.19 shows the volumetric efficiency characteristics of the camshaft. From the figure, it is
seen that better volumetric efficiency is attained at around 2500 rpm, and most optimum cam
profiles show the same behavior even if they improve the volumetric efficiency at their

respective engine speeds.
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Figure 4.19 Existing camshaft volumetric efficiency

As for brake torque, maximum value is shown to be 243 Nm at 2500 rpm according to

simulation result, but manufacturer specification states maximum torque is 198 Nm at 4400 rpm.

Even though the maximum torque and the engine speeds for maximum torque are different, the

simulation result shows a brake torque of 199.2 Nm at 4500 rpm which is almost the same as the

specification for that speed.
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Figure 4.20 Existing camshaft brake torque
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The engine is also said to have a maximum brake power of 102 kw at 5200 rpm, while the
simulation shows also a similar brake power of 102.13 kw at 5000 rpm. However, according to

the simulation, maximum brake power is seen to be 109.77 kw at 6000 rpm.
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Figure 4.21 Existing camshaft brake power

Brake specific fuel consumption shown in figure below has a minimum value of 0.257 kg/kw.hr

at 1500 rpm and 3000 rpm increases for both higher and lower engine speeds.
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Figure 4.22 Existing camshaft brake specific fuel consumption
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The engine performance parameters discussed above clearly show some variations from the
specification data, especially for brake torque values at lower speeds. However, these variations
are a matter of exact camshaft variables identification, and to some extent the equations and
algorithm employed in the simulation program. That been said, the variations are not that much
considerable. Since the study is focused at improving the performance of the engine,

improvement shown is assumed to happen in reality only with similarly small variations.

4.6. Performance of new CVVT camshaft

The new CVVT camshaft is just a combination of 14 different cam profiles, each tuned to give
optimum performance at specific engine speeds aligned and linearly connected in an axial
manner. Their linear connection gives infinite number of cam profiles to operate from low to

high speed ranges.

Volumetric efficiency characteristics of all cam profiles are presented in figure 4.23. All 14 cam
profiles are designated C1 to C14 respectively. From the figure, it is seen that cam profiles with
higher volumetric efficiency at lower speeds have lower volumetric efficiency at higher speeds
and vice versa. Also volumetric efficiencies of slightly higher than 100% are seen at around 2500
rpm and are higher for most cam profiles at these speeds. This is also the reason for higher
torque at these engine speeds.

With proper tuning, volumetric efficiencies above 100% canalso be reached by naturally
aspirated engines. The limit for naturally aspirated engines is about 130%. VE's of up to 130%

havebeen reported in various experimental studies [21].
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Figure 4.23 Optimum cam profiles volumetric efficiency

Simulation results of brake torque for the new CVVT camshaft is presented in figure 4.24 for all
14 cam profiles. Just like for volumetric efficiency, the cam profiles with higher brake torque at

low speeds have lower torque values at high speeds and vice versa.
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Figure 4.24 Optimum cam profiles brake torque

Brake power values of the CVVT camshaft are shown in figure 4.25 for all optimum cam
profiles. As can be seen in the figure, larger differences in brake power are observed at higher
engine speeds, especially above 5000 rpm. However, the spark advance setup in the simulation
could have been the reason, and with appropriate spark control, it is possible to improve low
speed power as well. It is important to give more emphasis to volumetric efficiency which is
directly related to, but not only valve events. The other parameters directly relate to volumetric

efficiency, but also depend on spark timing, air/fuel ratio and many more factors.
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Figure 4.25 Optimum cam profiles brake power

Brake specific fuel consumption values are shown in figure 4.26, in which all cam profiles tend
to show lower values at the lower end of mid-range speeds. The behaviors of low speed and high
speed cam profiles discussed in volumetric efficiency and brake torque are also similarly
observed in BSFC values.
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Figure 4.26 Optimum cam profiles brake specific fuel consumption

4.7. Performance improvement with new CVVT camshaft

The original engine camshaft and the new CVVT camshaft performance parameters are plotted

with respect to engine speed to assess their difference. In figure below, volumetric efficiencies of

both camshafts are shown with diamond markers for CVVT and triangle markers for the original

camshafts. As can be seen from the figure, large improvements in volumetric efficiencies are

obtained at higher speeds of above 5500 rpm and lower speeds below 1500 rpm. Also minimum

improvements are shown around 1500 to 3500 rpm.
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Figure 4.27 CVVT and existing camshaft volumetric efficiency

Similarly, larger improvements are observed at very low speeds below 1000 rpm and at higher
speeds above 5000 rpm. This is because the default camshaft optimized for 3000 rpm performs
better at medium speeds of around 3000 rpm.
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Figure 4.28 CVVT and existing camshaft brake torque

For brake power, larger improvements are seen at higher speeds above 5000 rpm. However,
there are small improvements in the rest of the speed ranges, especially at speeds of below 1500

rpm. It should also be noted that the percent improvement shown in table 4.7 for power is similar
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to that of toque for all speed ranges, but since brake power is lower at lower speeds, the changes

are difficult to detect.
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Figure 4.29 CVVT and existing camshaft brake power

Better improvements in BSFC are also shown at speeds above 5000 rpm, while the changes are

lower than 5% for most of the rest speed range.
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Figure 4.30 CVVT and existing camshaft brake specific fuel consumption
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Percent improvements on the engine performance parameters of interest at each sample speed are

listed in table 4.7.

Table 4.7 CVVT camshaft performance percent improvement

Engine Vol Eff Brake Tq Brake Kw BSFC
RPM (%) (%) (%) (%)
500 14.69 16.31 16.42 1.56
1000 4.13 4.84 4.84 1.09
1500 2.61 2.99 2.96 0.39
2000 0.71 2.53 2.53 3.44
2500 0.05 0.29 0.30 1.53
3000 0.00 0.00 0.00 0.00
3500 2.81 3.54 3.54 1.13
4000 4.09 4.97 4.97 0.74
4500 0.64 0.70 0.68 0.36
5000 3.94 4.25 4.25 1.43
5500 4.00 6.17 6.17 2.07
6000 8.83 13.86 13.86 4.32
6500 15.86 23.13 23.14 5.99
7000 19.62 30.82 30.81 8.75

Results in table above are plotted with respect to engine speed in upcoming figures. Figure below
shows the percent improvements for volumetric efficiency at different engine speeds. Here it is
seen that larger volumetric efficiency improvements are attained at high engine speeds of above
5500 rpm, and a maximum value of 19.62% at7000 rpm. Also a large value of 14.69% is seen at
500 rpm.

At 2000 and 2500 rpm reductions in volumetric efficiency of 0.71% and 0.05% respectively are
observed. However, it is also seen in the coming figure that the BSFC values at these speeds are
reduced by 3.4% and 1.5% respectively. This is mainly the result of the less emphasis given to

spark timing in this study. If more air fuel mixture is inducted into combustion chamber, and
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spark timing is the same, some fraction of mixture will be left unburned, increasing fuel wastage.
Since the tuning process is done in a way to increase volumetric efficiency, and also reduce fuel
consumption, the 3000 rpm cam profile has a slightly higher volumetric efficiency, but also a
slightly lower BSFC and higher torque and power for this specific engine spark timing setup.
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Figure 4.31 CVVT camshaft percent improvements in volumetric efficiency

Maximum percent improvement for brake torque is 30.82% at 7000 rpm and a minimum percent
improvement is 0.0% at 3000 rpm. As seen in figure 4.32, larger improvements are seen at

engine speeds of above 5500 rpm and at low speeds below 1000 rpm.
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Figure 4.32 CVVT camshaft percent improvements in brake torque

Percent improvements for brake power are exactly the same as brake torque with negligible

differences at some engine speeds.
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Figure 4.33 CVVT camshaft percent improvements in brake power
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Figure 4.34 CVVT camshaft percent improvements in brake specific fuel consumption

4.8. Fuel saving and Co, emission reduction
Carbon dioxide emissions are calculated at the same rpm for both the existing and new camshaft
and compared to determine the difference. Multiplying bsfc by brake power gives the fuel

consumption in kg/hr.

To illustrate this, at 2000 rpm, the existing camshaft has a bsfc of 0.262kg/kw.kr and a brake
power of 48.63kw, while the new camshaft has a bsfc of 0.253kg/kw.kr and a brake power of
49.86kw. The fuel consumptions in kg/hr are calculated as shown below.

Fe(kg/hr) = bSfC X Pyueuieiiiiiiiiiiiiiiiiii (4.2)
Fce(kg/hr) = 0.262kg/kw. hr X 48.63kw = 12.74kg/hr
Fen(kg/hr) = 0.253kg /kw. hr x 49.86kw = 12.61kg/hr

The difference in fuel consumption is calculated by subtraction to be 0.13 kg/hr. Assuming both
vehicles are operated 8 hours per day, the daily fuel saving will be

Daily fuel saving = 0.13kg/hr X 8hr /day = 1.04kg/day
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However, this calculation method does not give accurate estimations of fuel savings since the
vehicles will not operate for the same amount of time to cover a specific distance due to their
difference in power output. To make the estimations more accurate, maximum possible speeds of
vehicles should be determined at this rpm in km/hr, while taking aerodynamic drag into

consideration.

Ra=5XpaX CpXAp X V2, (4.3)
Ry = U X W (4.4)
where., p = 0.015+(0.00016x V) ...... 'v' is 'km/h

or u ~0.028

Total vehicle resistance can be calculated as,

Rt =Ry + Ry 4.5)
Maximum possible speed
_ Pr_ _Pp
V= D (4.6)

1
Pb=V><(y><W,,+§><pachfoxV2)

1
P, =V x (0.028 x 19620N + 5 X 1.05kg/m? x 0.3 x 3.06m? x V?)

P, = 549V + 0.48V°3
Substituting brake power for both new and existing camshaft and calculating velocity,
V, = 38.54m/s = 138.74km/hr
V, = 38.99m/s = 143.17km/hr
Now, fuel consumption can be calculated in kg/km as,

F;(kg/hr)

F.(kg/km) = )
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F..(kg/km) = 0.092kg/km

F.n(kg/km) = 0.088kg/km

Assuming both the vehicles are driven 100km/day, the existing engine fuel consumption will be

9.2 kg/day while that of the new one will be 8.8kg/day. This means 0.4kg of fuel can be saved

daily.

If the vehicles are operated for 100 days in a year, the yearly fuel saving can be calculated as,

In this same manner, the fuel saving estimations for all rpms is calculated and analyzed.

Fuel savinggnnua = Fuel savingqi, X 100

Fuel saving gnnua = 0.4kg/day X 100day/year = 40kg/year

Table 4.8 Fuel saving calculations summary

Existing Camshaft CVVT Camshaft Fuel Savin
RPM F.(kg/hr) | V(km/hr) | Fo(kg/km) | Fo(kg/hr) | V(km/hr) | Fo(kg/km) | Fs(ka/km) | Fs(kalyr)
500 2.19 40.32 0.05 2.51 46.63 0.05 | 0.000494 4.94
1000 5.08 82.58 0.06 5.26 86.70 0.06 | 0.000749 7.49
1500 7.99 111.17 0.07 8.19 115.15 0.07 | 0.000713 7.13
2000 12.74 138.74 0.09 12.61 143.17 0.09 | 0.003999 39.99
2500 16.61 156.85 0.11 16.40 160.21 0.10 | 0.003503 35.03
3000 18.26 164.66 0.11 18.28 168.07 0.11 | 0.002139 21.39
3500 19.16 165.92 0.12 19.61 176.87 0.11 | 0.004577 45.77
4000 21.99 174.92 0.13 22.91 187.45 0.12 | 0.003488 34.88
4500 25.72 185.44 0.14 25.80 195.27 0.13 | 0.006575 65.75
5000 28.60 192.02 0.15 29.39 205.10 0.14 | 0.005648 56.48
5500 31.28 196.38 0.16 32.52 217.34 0.15 | 0.009647 96.47
6000 33.04 197.78 0.17 35.99 225.12 0.16 | 0.007162 71.62
6500 32.66 192.74 0.17 37.81 226.44 0.17 | 0.002488 24.88
7000 33.04 187.45 0.18 39.44 225.89 0.17 | 0.001668 16.68
Now Co2 emission can be calculated as,
Co, reduced = Fuel saved X CL X OF
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Where

CL=carbon content of fossil fuels, 0.77ton/kl (fraction)

OF=oxidation factor for fossil fuels, 0.995 (fraction)

At 2000 rpm, fuel saving is seen to be 40 kg/year

Co, reduced = 40kg/yr X 0.77kg/lit X 0.995 X

Co, reduced = 35.6kg/yr

0.86kg/lit

Similarly, fuel savings at all rpm are calculated including their percentages and summarized in

table 4.9.

Table 4.9 Annual Co, reduction

RPM Fs(kg/yr) | Co,(kglyr) | Percentage
500 4.94 4.40 0.91
1000 7.49 6.67 1.22
1500 7.13 6.35 0.99
2000 39.99 35.63 4.05
2500 35.03 31.20 3.31
3000 21.39 19.05 1.93
3500 45.77 40.77 3.96
4000 34.88 31.07 2.78
4500 65.75 58.58 4.74
5000 56.48 50.32 3.79
5500 96.47 85.94 6.06
6000 71.62 63.81 4.29
6500 24.88 22.16 1.47
7000 16.68 14.86 0.95

As can be seen in figure 4.35, a maximum fuel saving of 96.47kg/yr is achieved at 5500 rpm.

Also figure 4.36 shows a maximum Co2 emission reduction of 85.9kg/yr at a similar engine

speed of 5500 rpm.
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Chapter Five

DESIGNING OF CVvVT CAM MODEL
5.1. 3D modeling

In the previous section, three optimum cam profiles for each inlet and exhaust valves needed to
construct the CVVT camshaft have been identified and summarized in table. Using these values
the camshaft will be modeled using SOLIDWORKS. The Method used in drawing the cam
profiles is shown in figure 5.1 using the second cam profile for intake cam (IC2).

obtdc cabdc | lift
IC1 15 6 12
IC2 40 38 13.846
IC3 17 75 15

obbdc catdc lift
EC1 24 10 115
EC2 36 23 12.846
EC3 65 21 14

As shown in the table, valve opens at 40° before TDC in crankshaft angle which means 20° for
camshaft angle. Exhaust valve opening is also shown to be 38° after BDC in crankshaft angles,
which is 19° in camshaft angles. From specification, camshaft diameter is 28mm and cam base

diameter is 34mm.

77
Semere Maschalu, 2017



Designing Camshaft of Mechanical Continuously Variable Valve Timing (CVVT) Mechanism

Figure 5.1 Base circle, opening and closing angles

The dark shaded solid circle is the camshaft and the solid blue circle is base circle of the cam
lobe. The outer dashed circle represents the limit of lift for this cam profile. The black vertical
line is drawn to indicate camshaft position where piston is at TDC and the horizontal line to
indicate Camshaft position where piston will be at BDC. The arc connecting the vertical line and
the blue dashed line indicates the valve opening angle of 20° before TDC while the arc
connecting the horizontal line to the blue dashed line indicates valve closing angle of 19° after

BDC as the camshaft rotates clockwise.

Figure 5.2 Base circle, opening and closing angles and lift
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In figure 5.2, the arc extending down from the black horizontal line indicates the position of the
centerline, which for this case is 45.5°. This 0.5° difference is because the opening and closing
angles before TDC and after BDC are not equal. The blue solid circle tangent to the cam base
circle is drawn using the centerline as a locator and using the lift circle as a limiter. Two arcs

tangent to the blue solid circles are drawn as shown in figure 5.3.

Figure 5.3 Opening and closing angles with circular arc

The two arcs drawn are lift profiles and are given enough gap to assure definite opening and
closing at opening and closing points. Now that the cam profile is already in place, all

unnecessary parts are removed and the final profile is shown in figure 5.4.
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Figure 5.4 Complete cam profile

In this manner, the two cam profiles are also drawn and arranged in their right order of IC1, IC2
and I1C3. Then a surface connecting these profiles is constructed, which represents the optimized

CVVT cam lobe shown in figure 5.5.

Figure 5.5 Complete cam lobe

The same procedure is applied while constructing the exhaust cam lobe. In figure 5.6, both intake
and exhaust cam lobes are shown on the same camshaft.

80
Semere Maschalu, 2017



Designing Camshaft of Mechanical Continuously Variable Valve Timing (CVVT) Mechanism

Figure 5.6 Single cylinder camshaft

The distance between these cam profiles is found by dividing the cam lobe thickness by thirteen,
which is the number of intervals between the fourteen sample speeds and multiplying by the
number of intervals until the cam profile of interest. Considering IC2, it is the cam profile at
4500 rpm which is the ninth sample speed, and the number of intervals at this speed is 8. Taking
a cam lobe thickness of 30mm the axial distance of this cam profile to the first one (IC1) is

calculated as shown below.

8
tip = t; X 73 = 30mm x 0615 = 18.46mm

This method is only applicable where the camshaft movement is linearly related to change in

engine speed.

5.1.1. Cylinder head assembly
Since the center to center distance between intake and exhaust valves is 34mm, with an axially
moving camshaft of 30mm lobe thickness is impractical since the intake cam touches the exhaust
valve follower at low engine speeds and exhaust cam touches the intake valve follower at high
engine speeds as shown in figure 5.7. Also the clearance between the intake and exhaust cam
lobes is too small. As a result a mechanism that widens the gap between the contact points of the

followers is needed.

81
Semere Maschalu, 2017



Designing Camshaft of Mechanical Continuously Variable Valve Timing (CVVT) Mechanism

Figure 5.7 Center valve follower

To solve this problem, a roller follower with a contact point offset of 7.5mm from valve axis is
used. The total distance between the contact points of intake and exhaust followers will be
49mm. As shown in figure 5.8, there is no contact between intake cam and exhaust valve

follower, or exhaust cam and intake valve follower.

Figure 5.8 Offset valve follower

The arrangement shown in figure 5.8 only works for an engine with two valves per cylinder. If
four valves per cylinder is a must, a similar follower of a bridge type can be applied to operate
two valves with a single cam as shown in figure 5.9. In this case, the two intake or exhaust
valves will not be arranged in a direction parallel to the axis of the camshaft, but in a
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perpendicular direction to the camshaft axis. This also requires a different intake and exhaust
port design.

Figure 5.9 Offset valve follower in four valves per cylinder

Another option to apply this camshaft on an engine with four valves per cylinder is using double
overhead camshaft (DOCS). This requires separate actuating cylinders for both intake and

exhaust camshaft, but no modification is needed on the conventional port design.

5.1.2. Camshaft actuation system
A mechanism to operate the camshaft needs to control two types of motion, rotation at half the
rotational speed of crankshaft and axial motion based on engine speed. The rotation can be easily
controlled using a chain and sprocket system or a timing belt system with twice the number of

teeth of crankshaft gear or sprocket at the camshaft.

However for the axial motion, a hydraulic cylinder needs to be used to move the camshaft 30mm
back and forth. Also splined joints are needed to transmit rotation of camshaft gear to the
camshaft. In figure 5.10, the whole cylinder head assembly is shown.
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Figure 5.10 Cylinder head assembly

At the left end, the camshaft gear is shown bolted to a freely rotating member that transfers
rotary motion to the camshaft by a spline connection. This member will be referred to as gear
mount for discussion in this paper. The camshaft now will rotate with the gear mount and also at

the same time can have axial movement.

On the right side of the figure, the cylinder assembly is shown. The cylinder assembly has
mainly two components, the cylinder and the cylinder cover. Figure 5.11 shows the cylinder

cover fixed to the head with bolted joint and the cylinder is fixed to the cover the same way.

Figure 5.11 Cylinder head assembly
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Two fluid passages holes are shown at the top of the cylinder each for forward and backward
movement of the piston. The piston is directly joined to the camshaft and secured using a nut.
Figure 5.12 shows exploded view of camshaft assembly. First the camshaft is inserted into
cylinder cover, and then the piston and nut are fitted on the camshatft.

B,

Figure 5.13 shows sectioned view of the cylinder assembly and the two fluid lines can clearly be

Figure 5.12 CVVT camshaft components

seen. The retraction line passes through the cylinder to the cover before reaching the retraction
camber.

Figure 5.13 Actuating cylinder assembly
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At both ends of the cylinder small volumes are preserved with smaller diameter than the piston to

help develop enough actuation force. The cylinder provides the 30 mm of movement required.

5.2.  Actuation force and fluid pressure

During operation of the camshaft, certain resistance forces are expected. These forces need to be
overcome in order to effectively use the system. The resistance forces arise due to friction in the
spline joint, camshaft journal bearings, and friction between cam lobe and follower rollers.
However the most significant resistance force arises due to the spring force and inclined contact
between the cam lobe and follower. These inclined contact faces create forces in the direction

parallel to the camshaft axis.

Fy 4

Fs

Figure 5.14 Camshaft forces

As shown in figure 5.14, the upward spring force is reacted by a force Fs of the cam lobe. The
force Fs has a normal component F, and a tangential component F;. the tangential component F;
can be further divided into a force in the x direction F, and a force in the y direction F,. Force in
the y direction is the maximum spring resistance the hydraulic fluid must overcome in order to

move the camshaft in the axial direction.

The total cam follower resistance is the sum of the maximum spring resistance and friction force

between roller and cam lobe. This friction force is product of the normal force F, and the friction
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coefficient f. figure above shows the position of maximum contact surface inclination angle

Owhich is measured to be 30°.
Spring force Fs is calculated as

F,=KXx
where K is the spring constant and x is the spring deflection

L G.d
"~ 8C3n

Where G is modulus of rigidity, d is wire diameter, C is ratio of coil diameter to wire diameter

and n is effective number of turns.

_ 80GPa x 0.004m

S e g = 5335KN/m

F, = 53.35KN/m x 0.015m = 800N
The tangential force Ft is calculated as
F, = F;sin@
F, = 800N X sin30° = 400N
The normal force Fn is calculated as
F, = F;cosf
E, = 800N X cos 30° = 692N
Friction force between cam lobe and follower is calculated as
Fr=FEXf

Fr = 692N x 0.13 = 90N

Without considering friction due to journal bearings and spline connection, the maximum

resistive force is calculated as
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FR:Ff+ Ft
Fp = 90N + 400N = 490N

Now, in order for the cylinder to effectively move the camshaft, the tangential component of the

force applied should at least be equal to Fg.
F.cos 0 =Fp

F = Fr _ 490N — EGEN
€ cosf® cos300

The diameter of the piston is 50mm, and the fluid pressure required is calculated as
F,=P. x4,

p=te_ S9N _ ogokp
©T A4, 0.00196m? 4

This much pressure is required to actuate the camshaft for single cam lobe in this position, and it
can be clearly seen in figure 5.12 that only two cam lobes are in this position at the same time.

Thus, the total actuation force required is twice the above calculated value.

P. =2 x 289KPa = 578Ka = 5.78 bar = 6 bar

5.3. Dimension relationships
Major dimensions to sufficiently represent the size and shape of the camshaft are expressed as
factors of cylinder diameter (bore) for reference. The camshaft diameter and cam base diameter

are taken from previously conducted design project, and are also expressed as factors of bore.

Figure 5.15 shows the terms selected to represent the major camshaft and lobe variables of intake
on the left and exhaust on the right.
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tEC

te12

Leos

tinz | liz3

Figure 5.15 Axial cam lobe variables and lift
dg; = camshaft diameter
d., = cam base diameter
t. = t;. = t,. = thickness of cam
ti12 = axial distance between intake cam profiles 1 and 2
ti» 3 = axial distance between intake cam profiles 2 and 3
li1 = lift of intake cam profile 1
li» = lift of intake cam profile 2
liz = lift of intake cam profile 3
te12 = axial distance between exhaust cam profiles 1 and 2
t.23 = axial distance between exhaust cam profiles 2 and 3
ley = lift of exhaust cam profile 1
lez = lift of exhaust cam profile 2

lez = lift of exhaust cam profile 3
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Thickness of cam is decided to be 30mm to prevent surfaces with large slope and at the same
time save space for axial movement. If thickness is smaller, the resistance to movement will
increase, and if thickness is larger, less space will be left for movement, which demands
increased distance between cylinders. This will cause the size of the engine to increase.

All 14 cam profiles are linearly distributed on the specified cam thickness. For intake cam IC2 is
the 9"cam profile and there are 8 intervals up to this cam profile. Total number of intervals is 13.
To calculatet;; , (distance between IC1 and IC2), the cam thickness is divided by 13 and

multiplied by 8.

8
til,Z = E Xt= 1846mm

ti2,3 =t— ti1,2 = 1154mm

The middle exhaust cam profile EC2 is the 8" cam profile with 7 intervals from EC1. te121S

found using similar calculation as above.

7
t€1,2 = 1_3 Xt= 1615mm

tez3 =t —te1, = 13.85mm
Lift values are for the six cam profiles of intake and exhaust cams are

liy = 12mm

li; = 13.84mm
liz = 15mm

l,; = 11.5mm

le, = 12.84mm
loz = 14mm

Figure 5.16 shows terms assigned to express the angular arrangement of the cam profiles for

intake on the left and exhaust on the right.
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0,4 = dwell angle (opening duration)of intake cam
0; = angle between centerline and TDC of intake cam
0.4 = dwell angle (opening duration)of exhaust cam

0,. = angle between centerline and BDC of exhaust cam

Close

Center line

Center line -

Figure 5.16 Angular cam lobe variables

For intake cam profile 1 (IC1), opening angle is 7.5° camshaft before TDC and closing angle is
3° of camshaft angle after BDC. The resultant gives 3.5° and dividing by two gives a centerline
shift of 1.75° towards TDC.

Dwell angle of intake cam profile 1
041 = 90° +7.5° + 3% = 100.5°
Center line angle from TDC of intake cam profile 1
01 = 45° — 1.75° = 43.25°
Dwell angle of intake cam profile 2

042 = 90° +20° + 19° = 129°
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Center line angle from TDC of intake cam profile 2
0> = 45° — 0.5 = 44.5°
Dwell angle of intake cam profile 3
043 = 90° +8.5° + 37.5° = 136°
Center line angle from TDC of intake cam profile 3
0ic3 = 45° + 14.5° = 59.5°
Dwell angle of exhaust cam profile 1
0cq1 =90° +12° +5°=107°
Center line angle from TDC of exhaust cam profile 1
0., = 45° —3.5°=41.5°
Dwell angle of exhaust cam profile 2
0,42 =90° +18° + 11.5° = 119.5°
Center line angle from TDC of exhaust cam profile 2
0., = 45° — 3.25° = 41.75°
Dwell angle of exhaust cam profile 3
0cq3 = 90° + 32.5° + 10.5° = 1339
Center line angle from TDC of exhaust cam profile 3
0.3 = 45° — 11° = 340

To express the above calculated variables as fractions of bore (B), all values are divided by the

cylinder diameter of 84mm.

e Thickness of cam
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t.=0.357xB
e Camshaft diameter
d,=0.333xB
e Cam base diameter
d.,, =0.405 x B
e Axial distance between intake cam profiles 1 and 2
ti12=0.22xB
e Axial distance between intake cam profiles 2 and 3
ti3=0.137XB
e Lift of intake cam profile 1
lii =0.143 X B
e Lift of intake cam profile 2
li, =0.165%xB
e Lift of intake cam profile 3
li; =0.178 X B
e Axial distance between exhaust cam profiles 1 and 2
te12 =0.192 X B
e Axial distance between exhaust cam profiles 2 and 3
t.3 =0.165 X B

e Lift of exhaust cam profile 1
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l.y =0.137 X B
e Lift of exhaust cam profile 2

l., =0.153 xB
e Lift of exhaust cam profile 3

l,; =0.167 X B

Semere Maschalu, 2017
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Chapter Six

CONCLUSION, RECOMMENDATION AND FUTURE WORK

6.1. Conclusion

After stating the limitations of currently utilized variable valve timing systems, a new type of
continuous variable valve timing system which is a slightly modified version of the three
dimensional cam was proposed and analyzed for performance in terms of volumetric efficiency

power torque and BSFC at selected engine speeds.

The analysis process was mainly focused on selecting optimum valve timing parameter values;
namely, opening angles, closing angles and lift for both intake and exhaust valves by testing
different variations. Then these values were optimized in order to simplify manufacturing and
operation of the proposed camshaft. Another consideration taken on the optimization process is
that the optimized values as much as possible should have an improved performance when
compared to the assumed original camshaft.

The results have shown a maximum volumetric efficiency improvement of 19% and an average
of improvement of ~5%. Maximum percent improvement for brake torque is seen to be 30.82%
and percent improvements for brake power are exactly the same as brake torque with negligible
differences at some engine speeds. Also a maximum and an average improvement of respectively
of 8.5% and ~3% are seen for BSFC.

As for yearly fuel saving and Co, emission reduction, a maximum fuel saving of 96.47kg/yr is
achieved at 5500 rpm, and a maximum Co, emission reduction of 85.9kg/yr at a similar engine
speed of 5500 rpm. This may not seem quite high as it is only calculated for a single vehicle. The
reason for low fuel saving and Co; reduction while power is improved by larger rate is that with
more power, the vehicle should go faster, but aerodynamic and rolling resistances grow higher at
high speeds. In that case, speed will fall to increase as it would for lower speeds for the same

increment of power.
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6.2. Recommendation and Future Work
As seen from the simulation and calculated results, maximum fuel savings are obtained in the
speed range of 4500 rpm to 6000 rpm. These suggests for better fuel economy and Co, reduction,

it is recommended to operate the engine in these speed range.

The valve timing system in this study is intended only for naturally aspirated and carbureted
gasoline engines, and will not be suitable for other engine types. For other engine types, the cam
profiles should be tuned as required to obtain optimum performance. This leaves huge space for
additional work that considers more possible engine assemblies and formulates more general
data.

Also, the three dimensional cam system was set aside by manufacturers due to considerable
friction on the cam follower mechanism. Although one follower mechanism to reduce friction
has been suggested in this study, there is very huge space for improvement as well including

strength and fatigue analysis.
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Appendix A Simulation Tables

Appendix Al Tuning process table at different engine speeds

500 rpm test result
degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
10| 79.3| 151.43 7.93 0.316
12| 79.2| 151.26 7.92 0.316
ivo/btdc(deg) 8| 79.4| 15134 7.93 0.317
6| 794 151.42 7.93 0.317
14| 79.2| 151.04 7.91 0.317
10| 79.3| 151.43 7.93 0.316
ivc/abdc(deg) 12| 79.3| 151.23 7.92 0.317
8| 79.3| 151.46 7.93 0.316
6| 79.3| 151.32 7.93 0.317
25| 79.3| 151.43 7.93 0.316
evolbbdc(deg) 27| 79.3| 151.32 7.93 0.317
23| 794 | 151.49 7.93 0.316
21| 79.3| 151.32 7.93 0.317
5| 79.4| 151.49 7.93 0.316
eve/atde(deg) 7| 793| 15155 7.93 0.316
9| 79.3| 15147 7.93 0.316
3| 79.2| 15117 7.92 0.317
10| 79.4| 151.49 7.93 0.316
ivo/btdc(deg) 11| 79.3| 151.39 7.93 0.316
9| 794| 1515 7.93 0.316
8| 79.4| 15157 7.93 0.317
8| 79.4| 1515 7.93 0.316
ivc/abdc(deg) 9| 793| 151.26 7.92 0.317
7| 794 15147 7.92 0.317
23| 794| 1515 7.93 0.316
evo/bbdc(deg) 24| 794 | 15154 7.93 0.316
25| 79.4| 151.43 7.93 0.317
5| 79.4| 15154 7.93 0.316
evc/atdc(degq) 6 79.4 | 151,53 7.93 0.316
4| 793 151.4 7.93 0.316
10| 79.4| 151.54 7.93 0.316
ivi(mm) 11| 79.4| 151.61 7.94 0.316
12| 795| 151.42 7.93 0.318
115| 795| 151.63 7.94 0.317
evi(mm) 10| 79.4| 151.61 7.94 0.316
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11 79.4 | 151.62 7.94 0.316
12 79.4 | 151,53 7.93 0.317
11.5 79.4 | 151.59 7.93 0.317
1000 rpm test result
degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
10 81.6 | 180.41 18.9 0.273
12 81.6 | 180.69 18.93 0.273
ivo/btdc(deg) 14 81.8 | 180.92 18.95 0.273
16 819 | 181.11 18.96 0.273
18 82| 181.48 19.01 0.274
10 819 | 181.11 18.96 0.273
ivc/abdc(deg) 12| 81.89 | 180.96 18.95 0.274
8| 8187 | 181.12 18.97 0.273
25 819 | 181.11 18.96 0.273
evo/bbdc(deg) 27 | 81.87| 180.89 18.94 0.273
23| 8177 | 181.12 18.97 0.273
5 81.9 | 181.11 18.96 0.273
7 819 | 18135 18.99 0.273
evc/atdc(deg) 9| 8225| 181.91 19.05 0.273
11| 8251 | 182.37 19.1 0.273
13| 8223 | 179.89 18.84 0.273
16 | 8251 | 18237 19.1 0.273
17 | 82.66 | 183.02 19.16 0.273
ivo/btdc(deg) 18| 82.71 182.9 19.15 0.273
19| 82.88 | 183.18 19.19 0.273
20 | 83.09| 18352 19.22 0.274
8| 8288 | 183.18 19.19 0.273
ivc/abdc(deg) 9| 829 | 183.23| 19.19 0.273
10| 82.89 | 183.18 19.19 0.273
25 829 | 183.23 19.19 0.273
evo/bbdc(deg) 26 | 83.05| 183.37 19.2 0.274
24 | 8298 | 183.39 19.2 0.273
23| 82.78| 183.12 19.18 0.273
11| 82.98 | 183.39 19.2 0.273
evc/atdc(deg) 12 | 83.08 | 183.75 19.24 0.273
13| 83.36 | 184.16 19.28 0.274
11| 83.08| 183.75 19.28 0.273
. 12| 83.24 | 184.01 19.27 0.273
ivi(mm)
13| 81.06 | 179.29 18.78 0.273
12.5| 83.28 | 184.07 19.28 0.273
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11| 83.28 | 184.07 19.28 0.273
evl(mm) 11.5| 83.38 184.11 19.28 0.274
12 | 83.33 | 184.07 19.28 0.274
1500 rpm test result

degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
20| 84.85| 201.34| 31.63 0.255
ivo/btdc(deg) 22 | 85.28 | 201.98 31.73 0.255
24 | 85.66 | 202.38 | 31.79 0.255
26 | 86.03 | 203.21 | 31.92 0.256
10| 86.66 | 202.38 | 31.79 0.255
ivc/abdc(deg) 12| 86.08| 203.12| 31.91 0.256
14| 86.01| 203.07 31.9 0.256
30| 85.66 | 202.38 31.79 0.255
evo/bbdc(deg) 32| 8597 | 20291 31.87 0.256
28| 86.16 | 203.32 | 31.94 0.256
26 | 86.11| 203.36 31.95 0.256
15| 86.16 | 203.32 | 31.94 0.256
evc/atdc(deg) 17 | 86.49| 203.79 | 32.01 0.257
13 85.8 | 203.24| 3192 0.255
26 | 86.16 | 203.32 | 31.94 0.256
ivo/btdc(deg) 25| 84.06 | 199.94 31.41 0.254
24 | 8549 | 202.34 31.78 0.255
27 | 86.51 203.7 32 0.257
10 | 86.16 | 203.32 | 31.94 0.256
ivc/abdc(deg) 11| 86.27 | 203.43| 31.95 0.256
12| 86.13| 203.31 31.94 0.256
28 | 86.27 | 203.43 | 31.95 0.256
evo/bbdc(deg) 29 86.2 | 203.28 31.93 0.256
27| 86.14 | 20356 31.98 0.255
15| 86.27 | 203.43 31.95 0.256
evc/atdc(deg) 16 | 86.42 | 203.68 32 0.256
17| 86.41 | 203.97 32.04 0.256
125| 86.42 | 203.68 32 0.256
ivi(mm) 13| 86.51| 203.6| 31.98 0.257
135| 86.48 | 203.85 32.02 0.256
12| 86.51 203.6 31.95 0.257
evl(mm) 125 | 86.45| 203.81 32.01 0.256
13| 84.64| 203.85 32.02 0.257
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2000 rpm test result
degree | VE(%) | Tbh(Nm) | Pb(Kw) | bsfc(g/Kwhr)
26 98.9 | 236.58 49.6 0.252
ivo/btdc(deg) 28 | 99.47 | 23757 | 49.75 0.253
30 | 100.23 | 238.57 | 49.97 0.254
24| 98.25| 235.89 49.4 0.252
11| 99.47 | 23737 | 49.75 0.253
ivc/abdc(deg) 13| 99.28 | 23732 | 49.71 0.253
9| 99.77 | 238.07| 49.86 0.253
7| 99.83| 238.18| 49.89 0.254
28 | 99.77 | 238.07| 49.86 0.253
evo/bbdc(deg) 30| 99.79| 23792 | 49.83 0.254
26| 99.79 | 237.88 | 49.82 0.254
16 | 99.77 | 238.07 | 49.86 0.253
evc/atdc(deg) 18 | 100.43 | 238.68 49.99 0.254
14| 99.02 | 237.04| 49.65 0.252
28 | 99.77 | 238.07 | 49.86 0.253
ivo/btdc(deg) 29 | 99.25| 237.47 | 49.74 0.252
27 | 98,57 | 236.31| 49.49 0.252
9| 99.77| 238.07| 49.86 0.253
ivc/abdc(deg) 10| 98.85| 236.69 | 49.37 0.252
8| 98.89| 237.11| 49.66 0.252
28 | 99.77 | 238.07 | 49.86 0.253
evo/bbdc(deg) 29 | 99.04 | 236.91| 49.63 0.252
27 | 99.02 237 49.63 0.252
14| 99.77 | 238.07 | 49.86 0.253
evc/atdc(deg) 15| 99.38 | 237.61| 49.77 0.252
13| 98.66 | 236.36 | 49.51 0.252
13| 99.77 | 238.07| 49.86 0.253
ivi(mm) 14 | 99.25| 237.43| 49.73 0.252
135| 99.18 | 237.36 | 49.72 0.252
125 | 98.86 | 236.82 49.6 0.252
13| 99.77 | 238.07| 49.86 0.253
135 | 99.18 | 237.28 | 49.69 0.252
evl(mm)
14 | 99.29 2375 | 49.74 0.252
125| 99.93 | 236.81 49.6 0.252
2500 rpm test result
degree | VE(%) | Tb(Nm) | Pb(Kw) | bsfc(g/Kwhr)
ivo/btdc(deg) 28 | 103.63 | 243.55 63.76 0.257
30 | 104.47 | 244.26 36.95 0.259
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32| 104.85 | 24412 | 6391 0.26

26 | 103.16 243.1 63.65 0.257

20 | 103.63 | 24355 | 63.76 0.257

ivc/abdc(deg) 22 | 103.93 | 243.71 63.8 0.258

18 | 103.57 | 243.41| 63.73 0.257

34| 103.63 | 24355 | 63.76 0.257

evo/bbdc(deg) 32 | 103.49 | 243.25 63.68 0.257

36 | 103.68 | 243.64 | 63.79 0.257

38| 103.48 | 243.23 | 63.68 0.257

28 | 103.68 | 243.64 | 63.79 0.257

evc/atdc(deg) 26 | 102.98 | 242.65| 63.53 0.257

30 | 104.32 | 243.86 63.84 0.259

28 | 103.68 | 243.64 | 63.79 0.257

ivo/btdc(deg) 27 | 103.38 243.4 63.72 0.257

29 104 | 24357 63.77 0.258

20 | 103.68 | 243.64 | 63.79 0.257

ivc/abdc(deg) 21| 103.71 | 243.41| 63.73 0.257

22 | 103.96 | 243.76 63.82 0.258

36| 103.71 | 24341 | 63.73 0.257

evo/bbdc(deg) 35| 103.48 | 243.26 | 63.68 0.257

37| 103.6 243.1| 63.65 0.257

28 | 103.71 | 243.41 63.73 0.257

evc/atdc(deg) 29 | 103.84 | 243.75| 63.82 0.257

30 | 103.35 | 246.83 63.84 0.259

. 13| 103.84 | 243.75| 63.82 0.257
ivi(mm)

135 | 103.95| 243.67| 63.79 0.258

125| 103.84 | 243.75| 63.82 0.257

evl(mm) 13| 104.03 | 24397 | 63.87 0.258

135 | 104.23 | 244.02 63.88 0.258

3000 rpm test result
degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)

28 | 90.89 | 213.45 67.06 0.257

ivo/btdc(deg) 30| 9141 | 21454 67.4 0.257

32| 9187 | 215.34 67.65 0.258

21| 9141 | 21454 67.4 0.257

23| 9213 | 216.63| 68.06 0.257

ivc/abdc(deg) 25| 9299 | 218.92 68.78 0.257

27| 93.81| 220.94 69.42 0.257

29| 9464 | 223.05| 70.07 0.256

31| 9538 | 22461 70.57 0.257
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36 | 94.64 | 223.05 70.07 0.256
evo/bbdc(deg) 38| 94.66 | 22272 69.97 0.257
34| 94.62 | 222.88 70.02 0.257
29 | 94.64 | 223.05 70.07 0.256
evc/atdc(deg) 30 94.6 222.4 | 69.86 0.257
28 | 94.71 222.8 70.02 0.257
30| 94.64 | 223.05 70.07 0.256
ivo/btdc(deg) 31| 94.93| 223.63 70.26 0.257
32| 9526 | 223.62 70.25 0.258
29 | 94.93| 223.63 70.26 0.257
ivc/abdc(deg) 30| 95.31| 224.05 70.39 0.257
31| 96.25| 226.22 71.07 0.257
32| 96.08| 225.93 70.98 0.257
36| 96.25| 226.22 71.07 0.257
evo/bbdc(deg) 37| 96.26 | 226.35 71.11 0.257
38| 96.24 | 226.26 71.08 0.257
29| 96.26 | 226.35 71.11 0.257
evc/atdc(deg) 30| 96.67| 226.38| 71.12 0.257
31| 96.24 | 226.37 71.12 0.257
13.5| 96.67 | 226.38 71.12 0.257
ivi(mm) 14 | 96.27 | 226.41 71.13 0.257
13| 96.18 226.3 71.1 0.257
13.5| 96.67 | 226.38 71.12 0.257
evi(mm) 14| 96.21 | 226.42 71.13 0.257
13| 96.17 | 226.37 71.12 0.257
3500 rpm test result

degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
31| 86.34 197.6 72.43 0.264
ivo/btdc(deg) 33| 86.33 197.52 72.39 0.264
35| 86.22 197.31 72.33 0.264
29 | 86.14 197.03 72.21 0.264
31| 86.34 197.6 72.43 0.264
ivc/abdc(deg) 33| 86.57 198.52 72,77 0.263
35| 86.62| 198.57 72.78 0.263
37| 86.82 198.99 72.94 0.264
37| 86.62 198.57 72.78 0.263
evo/bbdc(deg) 39| 86.56 198.51 72.76 0.263
35 86.7 | 198.84 72.88 0.263
33| 86.76 198.8 72.87 0.264
evc/atdc(deg) 30| 86.7| 198.84| 72.88 0.263

VI
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32 86.3 197.66 72.45 0.264
28 | 87.06 199.69 73.19 0.263
26 | 87.39 200.5 73.49 0.263
24 87.7 201.26 73.76 0.263
22 87.9 | 201.61 73.89 0.264
31 87.7 201.26 73.76 0.263
32 87.7 201.49 73.85 0.263
ivo/btdc(deg) 33| 87.75 2015 | 73.85 0.263
34| 87.82 201.6 73.89 0.263
35| 87.86| 201.88 74 0.264
35| 87.82 201.6 73.89 0.263
37| 88.04 202.14 74.09 0.263
ivc/abdc(deg) 39 88.5 203.7 | 74.66 0.263
41 | 88.71 | 204.21 74.8 0.262
43 88.7 203.96 4.7 0.263
35| 88.71| 204.21 74.85 0.262
evo/bbdc(deg) 37| 88.59 203.94 74.76 0.263
33| 88.81| 204.35 74.9 0.263
31| 88.97 204.61 75 0.263
24| 88.71 | 204.21 74.85 0.262
evc/atdc(deg) 25| 88.56 203.7 74.66 0.262
23| 88.82 204.46 74.94 0.263
13| 88.71 | 204.21 74.85 0.262
ivi(mm) 135 | 88.74 204.17 74.84 0.263
125 | 88.65 204 74,77 0.263
13| 88.71 | 204.21 74.85 0.262
evi(mm) 135 | 88.67 | 204.05| 74.79 0.263
125 | 88.73 204.23 74.85 0.263
4000 rpm test result

degree | VE(%) | Tb(Nm) | Pb(Kw) | bsfc(g/Kwhr)
35| 8593 | 192.58 80.67 0.269
37| 85.47 191.71 80.3 0.269
ivo/btdc(deg) 33| 86.26 193.25 80.95 0.269
31| 86.52 194.02 81.27 0.269
29 | 87.47 197.07 82.55 0.268
27| 87.83 197.6 82.77 0.269
27| 87.47 197.07 82.55 0.268
ivc/abdc(deg) 29| 87.73| 197.38| 82.68 0.269
31| 87.39 196.21 82.19 0.269
evo/bbdc(deg) 38| 87.73| 197.38| 83.68 0.269
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36| 88.12| 198.21 83.03 0.269
34| 88.32| 199.01 83.36 0.268
32| 88.72| 199.93 83.75 0.268
30| 89.26 | 201.15 84.26 0.268
28 | 89.74 201.8 84.53 0.269
30| 89.26 | 201.15 84.26 0.268
32| 88.85| 200.04 83.79 0.268
28 | 89.55| 201.98 84.61 0.268
evc/atdc(deg) 26 | 89.81| 202.33 84.76 0.268
24| 89.93| 203.03 85.05 0.268
22 | 90.14 | 203.45 85.23 0.268
20| 90.05| 203.51 85.25 0.268
29| 90.14 | 203.45 85.23 0.268
ivo/btdc(deg) 30| 90.09 203.4 85.2 0.268
28 | 90.08 | 203.81 85.11 0.268
29 | 90.14 | 203.45 85.23 0.268
30| 89.98| 203.18 85.11 0.268
ivc/abdc(deg) 28 90.2 | 203.66 85.31 0.268
27| 90.43 204 85.45 0.268
26 | 90.54 | 204.77 85.78 0.267
25| 90.68 | 204.95 85.84 0.268
30| 90.54 | 204.77 85.78 0.267
evo/bbdc(deg) 31| 90.39 | 204.28 85.58 0.268
29 90.7 | 204.91 85.83 0.268
22 | 90.54 | 204.77 85.78 0.267
evc/atdc(deg) 23| 90.46 | 204.86 85.82 0.267
21| 90.56 204.8 85.79 0.267
20| 90.51 204.7 85.75 0.267
13| 90.56 204.8 85.79 0.267
ivi(mm) 135| 90.73| 204.96 | 85.85 0.268
12.5 90.6 204.7 85.75 0.268
evi(mm) 13| 90.56 204.8 85.79 0.267
135 | 50.58 | 204.61 85.7 0.268
4500 rpm test result

degree | VE(%) | Tb(Nm) | Pb(Kw) | bsfc(g/Kwhr)
35| 89.32| 196.84 92.76 0.274
37| 89.36 197 92.83 0.274
ivo/btdc(deg) 39| 89.38| 197.2| 9293 0.274
41 89.5 197.33 92.99 0.274
43 89.6 | 197.98 93.3 0.274
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45| 89.15| 196.25 92.49 0.274
35 89.6 | 197.98 93.3 0.274
ivc/abdc(deg) 37| 89.29| 19791 | 92.79 0.274
33| 89.23| 197.95 92.81 0.274
40 89.6 | 197.98 93.3 0.274
evo/bbdc(deg) 42 | 89.35| 196.93 92.8 0.274
38| 89.68 | 198.25 93.43 0.273
36 | 89.09| 196.36 92.53 0.274
30 | 89.68 | 198.25 93.43 0.273
evc/atdc(deg) 32| 8951 | 19752 | 93.08 0.274
28 | 89.59 | 197.26 92.96 0.274
43 89.6 | 198.25 93.43 0.273
ivo/btdc(deg) 44| 89.01| 196.12| 92.42 0.274
42 | 89.23 196.46 92.56 0.274
35 89.6 | 198.25 93.43 0.273
ivc/abdc(deg) 36| 89.83| 198.38 93.49 0.274
37| 89.21 196.46 92.58 0.274
36 89.6 | 198.25 93.43 0.273
evo/bbdc(deg) 37| 89.14 196.55 92.62 0.274
35| 89.06 195.86 92.3 0.275
30 89.6 | 198.25 93.43 0.273
28 | 89.59 197.26 92.96 0.274
eve/atdc(deg) 26 | 90.29 199.77 94.14 0.273
24 | 90.59 200.44 94.46 0.273
22 90.8 201.2 94.82 0.273
21| 92.15 203.62 95.9 0.274
11 90.8 201.1 94.82 0.273
13| 90.94| 201.19 94.81 0.273
ivi(mm) 135 90.95| 2011 94.76 0.273
14| 90.91| 201.26 94.26 0.273
145 | 90.92 201.22 94.82 0.273
11| 90.91 201.26 94.26 0.273
13.5 90.7 200.4 94.44 0.274
evl(mm)
13| 90.74| 200.59 94.52 0.273
12| 30.77 200.43 94.45 0.274
5000 rpm test result
degree | VE(%) | Tb(Nm) | Pb(Kw) | bsfc(g/Kwhr)
40 | 90.91 | 196.91 103.1 0.279
ivo/btdc(deg) 38| 91.13| 197.29 | 103.29 0.279
36| 9184 | 199.09 | 104.24 0.279
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34| 9158 | 198.38 | 103.88 0.279

35| 91.84| 199.09 | 104.24 0.279

ivc/abdc(deg) 37 92 | 199.31 | 104.35 0.279

39| 9229 | 199.33 | 104.38 0.278

36 92 | 199.31 | 104.35 0.279

38| 92.13| 199.98 | 104.71 0.279

40 | 92.39 | 200.13 | 104.79 0.279

evolbbdc(deg) 42 | 92.35| 200.76 | 105.12 0.278

44 | 92.46 201.2 | 105.35 0.278

46 | 92.82 | 201.75| 105.64 0.277

48 | 92.58 201.9 | 105.71 0.277

50 | 92.57 201.6 | 105.56 0.277

25| 92.58 201.9 | 105.71 0.277

27| 92.13| 201.01 | 105.26 0.277

evc/atdc(deq) 23| 92.86| 203.35| 106.47 0.276

21| 93.09 | 203.56 | 106.58 0.276

19| 93.33| 203.75| 106.69 0.277

36| 93.09| 203.56| 106.58 0.276

ivo/btdc(deg) 37| 93.94 | 203.33| 106.47 0.276

38| 9285 | 203.09 | 106.34 0.276

37| 93.94| 203.33 | 106.47 0.276

ivc/abdc(deg) 38| 93.13| 203.25| 106.43 0.277

36| 93.88| 203.01 106.3 0.277

48 | 93.94 | 203.33 | 106.47 0.276

evo/bbdc(deg) 49 | 93.03| 203.01| 106.29 0.277

47 | 92.92 202.9 | 106.24 0.277

21| 93.94 | 203.33| 106.47 0.276

evc/atdc(deg) 22| 9282 | 20252 | 106.04 0.277

20| 92.19| 203.12 | 106.35 0.277

14| 93.94 | 203.33 | 106.47 0.276

. 15| 93.12| 202.16 | 106.37 0.277
ivi(mm)

145| 93.14| 20297 | 106.28 0.277

135 | 93.06 | 202.83 106.2 0.277

13| 93.94 | 203.33 | 106.47 0.276

evi(mm) 13.5| 9298 | 202.86 | 106.22 0.277

125| 93.08| 202.83 106.2 0.277

5500 rpm test result
degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
ivo/btdc(deg) 40 91| 19186 | 110.51 0.286
42 90.75 | 191.35| 110.21 0.286

Xl



Designing Camshaft of Mechanical Continuously Variable Valve Timing (CVVT) Mechanism

38| 91.35| 192.66 | 110.97 0.286
36 | 91.52 193.3 | 111.33 0.286
34| 9156| 193.34 | 111.36 0.286
32| 9167 | 193.62 | 11152 0.286
30| 91.67| 19361 | 11151 0.286
37| 9167 | 193.62 | 11152 0.286
39 92.1 | 194.63 112.1 0.286
41| 9252 | 19558 | 113.65 0.286
ivc/abdc(deg) 45| 92.88| 196.85| 113.38 0.285
47 | 9298 | 196.93 | 113.43 0.285
49 | 93.04 | 197.04 | 113.49 0.285
51| 93.05| 196.97 | 113.45 0.285
48 | 93.04 | 197.04 | 113.49 0.285
50| 93.06| 19742 | 113.71 0.285
evo/bbdc(deg) 52| 93.08 | 197.69 | 113.86 0.285
54| 93.14| 197.79 | 113.92 0.285
56 | 93.16 | 198.29 | 114.21 0.284
58 | 93.17 | 198.25| 114.18 0.284
30| 93.16| 198.29 | 114.21 0.284
28 | 93.31| 198.42 | 114.29 0.284
evc/atdc(deg)
26 | 93.37 | 198.68 | 114.44 0.284
24 | 93.41| 198.45 114.3 0.284
32| 9337 | 198.68 | 114.44 0.284
ivo/btdc(deg) 33| 93.35| 198.75| 114.47 0.284
34| 9331 | 198.09 | 114.09 0.285
31| 9342 198.3 | 114.21 0.285
49 | 93.37 | 198.68 | 114.44 0.284
ivc/abdc(deg) 50| 93.39| 198.65| 114.42 0.284
51| 9341 | 198.44 | 114.29 0.285
56| 93.37| 198.68 | 114.44 0.284
evo/bbdc(deg) 57| 93.38| 198.34 | 114.23 0.285
55 934 | 198.57 | 114.38 0.284
54 03.31 | 198.18 | 114.14 0.285
26 934 | 198.57 | 114.38 0.284
27| 93.34| 197.92 114 0.285
evc/atdc(deg)
25| 93401 | 19852 | 114.34 0.284
24 | 93.402 | 198.45 114.3 0.285
14 93.4| 198,57 | 114.38 0.284
ivi(mm) 145 | 93.405 | 198.53 | 114.35 0.284
15| 9343 198.7 | 114.44 0.284
155| 9348 | 198.48 | 114.32 0.285
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125| 9343 | 198.7 | 114.44 0.284
evli(mm) 13| 9347| 1988 1145 0.284
135| 9351 | 19841 | 114.28 0.285
6000 rpm test result
degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
32| 92.82| 19259 | 121.01 0.291
ivorbtde(deg) 30| 93.04| 193.34| 121.48 0.291
28 | 9322 | 193.94 | 121.85 0.291
26 | 9247 | 192.13| 120.72 0.291
49 | 9322 | 193.94| 121.85 0.291
51| 92.73| 192.8| 121.14 0.291
53| 92.95| 193.03| 121.28 0.291
ivc/abdc(deg) 55 94.3 | 196.49 | 123.46 0.29
57 945 | 197.15| 123.85 0.29
59 | 94.65| 197.94 | 124.37 0.289
60 | 94.72 | 197.68 | 124.21 0.29
55 | 94.65| 197.94 | 124.37 0.289
57 | 94.65| 197.85| 124.32 0.289
evolbbdc(deg) 59 | 94.68| 197.98| 124.4 0.289
61 | 94.683 | 198.32 | 124.61 0.288
63 | 94.67 | 198.42 | 124.67 0.288
65| 9465| 1983| 1246 0.288
26 | 9467 | 198.42 | 124.67 0.288
28| 9456 | 197.66| 124.2 0.289
evc/atdc(deg) 24| 9471 | 19851 | 124.73 0.288
22 | 9476 | 198.82 | 124.92 0.288
20| 94.68 | 198.37 | 124.64 0.288
28| 9476 | 198.82 | 124.92 0.288
ivo/btdc(deg) 29| 9451 | 198.18| 12452 0.288
27| 9481 | 198.36 | 124.63 0.289
59 | 94.76 | 198.82 | 124.92 0.288
ivc/abdc(deg) 60| 9476 | 198.61| 1248 0.288
58 | 94.68 | 198.03 | 124.43 0.289
63| 94.76 | 198.82 | 124.92 0.288
evo/bbdc(deg) 64 | 94.72 | 19853 | 124.74 0.288
62| 94.62| 198.38 | 124.65 0.288
22| 94.76 | 198.82 | 124.92 0.288
evc/atdc(deg) 23| 94.73| 198.33| 124.62 0.289
21| 9471 | 198.64 | 124.82 0.288
ivi(mm) 14 | 94.76 | 198.28 | 124.92 0.288
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145 | 9477 | 198.64 | 124.82 0.288
15| 94.81| 198.28 | 12458 0.289
13| 94.77 | 198.64 | 124.82 0.288
evi(mm) 135| 94.81 | 19891 | 124.98 0.288
14| 94.85| 198.76 | 124.89 0.288
6500 rpm test result
degree | VE(%) | Th(Nm) | Pb(Kw) | bsfc(g/Kwhr)
35| 84.66| 166.87 | 113.59 0.307
33| 85.05| 167.55| 114.05 0.307
31| 85.38| 168.62 | 114.78 0.306
ivo/btdc(deg) 29| 84.98 | 167.84 | 114.24 0.306
27 | 85.89| 170.16 | 115.82 0.305
25| 86.19 | 171.01| 116.4 0.305
23| 8572 | 170.02| 115.73 0.305
50| 86.19| 171.01| 116.4 0.305
52| 86.06 | 170.63| 116.14 0.305
54| 86.78| 172.01| 117.09 0.305
56| 87.9| 175.23| 119.27 0.303
57| 882 175.04| 119.83 0.303
59 | 88.63| 176.72| 1203 0.303
ivc/abde(deg) 61| 88.42| 176.41| 120.07 0.303
63| 89.44| 179.1| 121.91 0.302
65| 89.71| 179.63| 122.28 0.302
67 | 89.92 | 180.23 | 122.68 0.302
70| 90.04 | 180.47 | 122.85 0.302
72| 90.09 | 180.65| 122.97 0.301
75| 90.03| 180.38| 122.78 0.302
55| 90.09 | 180.65| 122.97 0.301
57| 90.12| 180.6 | 122.93 0.302
59 | 90.19 | 181.44| 1235 0.3
evo/bbdc(deg) 61| 90.23 181.6 | 123.61 0.3
63| 90.15| 181.87 | 123.79 0.299
65| 90.17 | 18158 | 123.61 0.3
67| 90.15| 181.95| 123.85 0.299
35| 90.23| 181.6| 123.61 0.3
33| 90.53| 182.22 | 124.04 0.3
evclatde(deg) 31| 90.76 | 182.94 | 124.53 0.3
29| 90.99 | 183.61| 124.98 0.299
27| 91.2| 183.92| 125.19 0.3
25| 91.34| 184.41| 12552 0.299
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23| 9146 184.72 | 125.73 0.299
21 9156 | 185.22 | 126.08 0.299
19| 91.68 | 185.15| 126.03 0.299
17| 91.66| 185.08 | 125.99 0.299
25| 9168 | 185.15| 126.03 0.299
26 | 9156 | 185.07 | 125.98 0.299
24 91.73 | 185.57 | 126.32 0.299
ivo/btdc(deg) 23 91.8| 185.73| 126.43 0.299
21 91.92 | 185.68 | 126.39 0.299
20 915 | 186.38 | 126.87 0.298
19 92 | 186.13 | 126.69 0.299
72| 9195| 186.38 | 126.87 0.298
ivc/abdc(deg) 71 9198 | 186.14 | 126.71 0.299
70 91.96 | 186.24 | 126.77 0.299
73 91.9| 185.87 | 126.52 0.299
61| 9195 | 186.38 | 126.87 0.298
evo/bbdc(deg) 60 9192 | 185.92 | 126.56 0.299
62 | 9197 186.4 | 126.88 0.298
63| 9198 | 185.73 | 126.43 0.299
19| 91.97 184.4 | 126.88 0.298
evc/atdc(deg) 20| 9188 | 18588 | 126.53 0.299
18 9195 | 186.37 | 126.87 0.298
145 | 91.97 186.4 | 126.88 0.298
ivi(mm) 15| 91.96 | 18522 | 126.76 0.299
14 9191 | 186.36 | 126.86 0.298
14| 91.97 186.4 | 126.88 0.298
145 | 91.954 | 186.26 | 126.78 0.298
evl(mm)
135| 91.95| 185.86| 126.52 0.299
15 91.95| 185.64 | 126.37 0.299
7000 rpm test result
degree | VE(%) | Tb(Nm) | Pb(Kw) | bsfc(g/Kwhr)
20 | 88.56 170.65 | 125.12 0.313
22 | 88.54 170.6 | 125.06 0.314
ivo/btdc(deg) 18| 88.62 | 171.08| 125.41 0.313
16 | 88.65 171.21 125.5 0.313
14 | 88.64 171.01 | 125.35 0.313
72 | 88.65 171.21 125.5 0.313
ivc/abdc(deg) 70 | 88.46 170.7 | 125.14 0.313
74 | 88.77 171.29 | 125.57 0.313
76 | 88.79 171.13 | 125.45 0.313
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78| 88.78| 171.38| 125.62 0.313

62| 88.7| 171.13| 125.45 0.313

evo/bbdc(deg) 60 | 88.82| 170.47| 125.33 0.314
64| 88.76 | 171.62| 12581 0.313

58| 88.8| 170.82| 125.22 0.314

19| 88.82| 170.97 | 125.33 0.314

evc/atdc(deg) 21| 88.85| 170.98| 125.34 0.314
23| 88.79| 171.33| 1256 0.313

16 | 88.85| 170.98 | 125.34 0.314

ivo/btdc(deg) 17 | 88.82| 170.91| 125.29 0.314
15| 88.82| 171.28| 125.28 0.313

76 | 88.85| 170.98| 125.34 0.314

ive/abdc(deq) 75| 88.8| 170.04| 125.37 0.314
77| 88.86| 171.28| 12556 0.313

78| 88.8| 171.23| 12552 0.313

60 | 88.85| 170.98 | 125.34 0.314

61| 88.83| 171.35| 125.61 0.313

evo/bbdc(deq) 62| 88.84| 17159 | 125.79 0.313
63| 88.81| 171.65| 125.83 0.313

59| 88.86| 171.06| 1254 0.314

58 | 88.81| 170.79| 1252 0.314

21| 88.86| 171.06| 1254 0.314

evc/atdc(deg) 22| 88.84| 171.02| 125.37 0.314
20| 88.84| 171.06| 152.4 0.314

11| 88.86| 171.06| 1254 0.314

13| 89.07| 171.38| 125.62 0.314

ivi(mm) 14| 89.15| 171.52 | 125.74 0.314
15| 89.14 | 171.44 | 12567 0.314

145 | 89.15| 171.51| 125.73 0.314

11| 89.15| 17151 | 125.73 0.314

evi(mm) 13| 89.2| 171.92| 126.02 0.313
14| 89.18| 171.95| 126.05 0.313

135 | 89.17 | 172.22 | 126.24 0.313
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Appendix A2 Error values for second order polynomial curve fittings

ivo- ive- evo- evc- ivl- evl-

rpm ivo | poly |error |ivc |poly |error |evo |poly |error |evc |poly |error |ivl | poly |error |evl |poly | error
500 | 910460163 | 8| 7.82|0.022 | 24| 2434 0.014 5| 7140428 | 11| 11.74|0.067| 11| 11.19 | 0.017
1000 | 19| 17.21|0.094| 9| 9.72]0.080 | 24| 2546 | 0.061 | 12| 10.59 | 0.117 | 12.5| 12.11| 0.031 | 11| 11.62 | 0.057
1500 | 26 | 22.96 | 0.117 | 11 | 12.12 | 0.102 | 28 | 26.94 | 0.038 | 16 | 13.64 | 0.147 | 13| 1246 | 0.041 | 12.5| 12.01 | 0.039
2000 | 28 | 27.71 | 0.010| 9| 15.02 | 0.669 | 28 | 28.76 | 0.027 | 14 | 16.29 | 0.164 | 13| 12.79 | 0.016 | 13| 12.35 | 0.050
2500 | 28 | 3146 | 0.124 | 21 | 1842 | 0.123 | 36 |30.94|0.141 | 20| 1854 | 0.073 | 13| 13.10| 0.008 | 12.5| 12.65 | 0.012
3000 | 31|34.21|0.104 | 31]2232|0.280| 37|33.46|0.096| 19|20.39|0.073|13.,5| 13.39 | 0.008 | 13.5 | 12.90 | 0.044
3500 | 34 3596 |0.058 | 41 |26.72 |0.348 | 35|36.34|0.038| 24|21.84|0.090| 13| 13.66|0.051| 13| 13.11 | 0.009
4000 | 29| 36.71 | 0.266 | 26 | 31.62 | 0.216 | 30| 39.56 | 0.319 | 21| 22.89|0.090| 13| 13.91]0.070 | 13| 13.27 | 0.021
4500 | 42| 36.46 | 0.132 | 35[37.02 | 0.058 | 36|43.14|0.198 | 22|2354|0.070| 14| 14.14]0.010| 13| 13.39 | 0.030
5000 | 37| 35.21|0.048 | 37 | 42.92 | 0.160 | 48 | 47.06 | 0.020 | 21| 23.79 | 0.133| 14| 1435|0.025| 13| 13.46 | 0.036
5500 | 32| 32.96 | 0.030 | 49 | 49.32 | 0.007 | 55|51.34|0.067 | 26|23.64|0.091| 15| 1454 |0.031| 13| 13.49 | 0.038
6000 | 28 | 29.71 | 0.061 | 59 | 56.22 | 0.047 | 63 | 55.96 | 0.112 | 22| 23.09 | 0.050 | 14.5 | 14.71 | 0.015 | 13.5 | 13.47 | 0.002
6500 | 20 | 25.46 | 0.273 | 72 | 63.62 | 0.116 | 62 | 60.94 | 0.017 | 19| 22.14 | 0.165 | 145 | 1486 | 0.025 | 14| 13.41 | 0.042
7000 | 16 | 20.21 | 0.263 | 76 | 71.52 | 0.059 | 59 | 66.26 | 0.123 | 21| 20.79 | 0.010 | 145 | 1499 | 0.034 | 13| 13.30 | 0.023
average 0.124 0.163 0.091 0.122 0.031 0.030
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Appendix A3Error values for linear data fittings

ivo- ivc- evo- evc- ivl- evl-

rpm ivo | linear | error | ivc | linear | error | evo | linear | error | evc | linear | error |ivl | linear | error | evl | linear | error
500 | 9| 15.00 | 0.667 8| 6.00)|0.250 | 24 | 24.00 | 0.000 5/10.00|1.000| 11| 12.00|0.091| 11| 11.50] 0.045
1000 | 19 | 18.13 | 0.046 9/10.00|0.111 | 24| 2571 |0.071| 12| 1186 | 0.012 | 12.5| 12.23 | 0.022 | 11 | 11.69 | 0.063
1500 | 26 | 21.25]0.183 | 11| 14.00| 0.273 | 28 | 27.43 | 0.020 | 16| 13.71 | 0.143 | 13| 1246 | 0.041 | 12.5| 11.88 | 0.049
2000 | 28 | 24.38 | 0.129 918.00| 1.000 | 28 | 29.14 | 0.041 | 14| 1557 | 0.112 | 13| 12.69 | 0.024 | 13| 12.08 | 0.071
2500 | 28 | 27.50 | 0.018 | 21 | 22.00 | 0.048 | 36| 30.86 | 0.143 | 20| 17.43|0.129 | 13| 12.92 | 0.006 | 12.5| 12.27 | 0.018
3000 | 31| 30.63|0.012| 31| 26.00|0.161 | 37| 3257|0120 | 19| 19.29 | 0.015| 13.5| 13.15| 0.026 | 13.5 | 12.46 | 0.077
3500 | 34| 33.75|0.007 | 41 30.00 | 0.268 | 35| 34.29|0.020| 24| 21.14|0.119| 13| 13.38|0.030 | 13| 12.65 | 0.027
4000 | 29 | 36.88 | 0.272 | 26 | 34.00 | 0.308 | 30| 36.00 | 0.200 | 21| 23.00 | 0.095| 13| 13.61 | 0.047 | 13| 12.85| 0.012
4500 | 42 | 40.00 | 0.048 | 35| 38.00 | 0.086 | 36 | 40.83 | 0.134 | 22| 22.67 | 0.030| 14| 13.85|0.011| 13| 13.04 | 0.003
5000 | 37| 35.40 | 0.043 | 37| 45.40 | 0.227 | 48 | 4567 | 0.049 | 21| 22.33 | 0.064 | 14| 14.08 | 0.005| 13| 13.23 | 0.018
5500 | 32| 30.80 | 0.038 | 49 | 52.80 | 0.078 | 55| 50.50 | 0.082 | 26| 22.00 | 0.154 | 15| 14.31 | 0.046 | 13| 13.42 | 0.033
6000 | 28 | 26.20 | 0.064 | 59 | 60.20 | 0.020 | 63 | 55.33 | 0.122 | 22 | 21.67 | 0.015 | 14.5 | 14.54 | 0.003 | 13.5 | 13.62 | 0.009
6500 | 20 | 21.60 | 0.080 | 72 | 67.60 | 0.061 | 62 | 60.17 | 0.030 | 19| 21.34 | 0.123 | 145 | 14.77 | 0.019 | 14| 13.81 | 0.014
7000 | 16| 17.00 | 0.063 | 76 | 75.00 | 0.013 | 59 | 65.00 | 0.102 | 21 | 21.00 | 0.000 | 14.5 | 15.00 | 0.034 | 13 | 14.00 | 0.077
average 0.119 0.207 0.081 0.144 0.029 0.037
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Appendix A4 Volumetric efficiency (%) table for all optimum cam profiles

Engine
RPM Cl C2 C3 C4 C5 C6 C7 C8 C9 C10 Cl1 C12 C13 Cl4
500 79.423 | 76.789 | 72.351 | 72.612 | 67.236 | 69.232 | 69.956 | 68.02 | 83.961 | 83.879 | 81.254 | 78.356 | 71.188 | 66.963

1000 81.293 | 81.017 | 80.175 | 80.714 | 79.45 | 79.974 | 79.931 | 79.077 | 88.566 | 88.683 | 85.529 | 80.081 | 71.35 | 68.454

1500 83.311 | 83.671 | 84.127 | 84.58 | 83.647 | 84.248 | 83.017 | 83.454 | 87.68 | 87.099 | 83.78 | 79.358 | 72.899 | 70.533

2000 92.65 | 94.709 | 97.975 | 98.375 | 101.269 | 100.48 | 95.054 | 97.763 | 101.099 | 97.664 | 92.477 | 84.941 | 76.117 | 73.483

2500 949 |96.216 | 98.602 | 98.197 | 103.68 | 104.938 | 101.606 | 101.237 | 104.807 | 102.273 | 98.874 | 92.604 | 84.52 | 81.926

3000 86.896 | 87.743 | 89.265 | 88.925 | 90.868 | 96.275 | 99.029 | 93.352 | 98.96 | 96.139 | 96.575 | 94.305 | 89.361 | 87.62

3500 84.774 | 84.888 | 85.167 | 84.977 | 85.43 | 86.283 | 88.671 | 86.953 | 88.309 | 87.395 | 87.034 | 86.128 | 85.904 | 84.894

4000 89.847 | 91.083 | 91.713 | 91.189 | 89.799 | 86.998 | 86.688 | 90.583 | 86.184 | 84.537 | 83.025 | 83.074 | 82.937 | 82.462

4500 87.157 | 88.541 | 89.267 | 88.552 | 89.801 | 90.166 | 90.883 | 91.747 | 91.084 | 90.606 | 86.095 | 83.944 | 80.994 | 79.655

5000 83.258 | 84.347 | 85.287 | 84.286 | 87.879 | 90.382 | 92.011 | 90.115 | 90.957 | 92.948 | 93.476 | 93.27 | 89.398 | 87.596

5500 80.591 | 82.041 | 83.194 | 82.215 | 86.017 | 89.871 | 92.798 | 88.824 | 91.411 | 91.917 | 93.512 | 93.079 | 90.366 | 88.946

6000 74.369 | 76.111 | 78.054 | 76.869 | 82.588 | 87.114 | 90.922 | 85.268 | 87.969 | 88.832 | 92.988 | 94.824 | 94.767 | 94.272

6500 67.159 | 70.852 | 72.862 | 71.429 | 75.674 | 79.382 | 84.233 | 79.097 | 80.869 | 82.112 | 86.828 | 90.351 | 91.954 | 91.861

7000 62.105 | 66.634 | 68.713 | 67.293 | 70.685 | 74.568 | 80.158 | 74.799 | 76.641 | 77.746 | 82.949 | 86.845 | 89.174 | 89.198

XIX




Designing Camshaft of Mechanical Continuously Variable Valve Timing (CVVT) Mechanism

Appendix A5 BSFC (kg/kw.hr) table for all optimum cam profiles

Engine

RSM Cl C2 C3 C4 | C5 C6 C7 C8 C9 Cl0 | C11 | C12 | C13 | Cl14

500 0.316 | 0.316 | 0.318 | 0.318 | 0.32 | 0.321 | 0.321 | 0.319 | 0.346 | 0.37 | 0.378 | 0.369 | 0.347 | 0.342
1000 0.273 | 0.273 | 0.273 | 0.273 | 0.274 | 0.276 | 0.276 | 0.274 | 0.29 | 0.293 | 0.295 | 0.293 | 0.288 | 0.287
1500 0.254 | 0.254 | 0.255 | 0.255 | 0.255 | 0.257 | 0.259 | 0.255 | 0.263 | 0.264 | 0.266 | 0.266 | 0.266 | 0.266
2000 0.25 | 0.25 | 0.252 | 0.252 | 0.258 | 0.262 | 0.259 | 0.254 | 0.265 | 0.261 | 0.263 | 0.263 | 0.265 | 0.265
2500 0.251 | 0.251 | 0.252 | 0.252 | 0.257 | 0.261 | 0.259 | 0.254 | 0.262 | 0.259 | 0.26 | 0.259 | 0.26 | 0.26

3000 0.26 | 0.26 | 0.259 | 0.259 | 0.257 | 0.257 | 0.257 | 0.257 | 0.26 | 0.257 | 0.257 | 0.259 | 0.26 | 0.26

3500 0.266 | 0.266 | 0.265 | 0.265 | 0.265 | 0.265 | 0.263 | 0.264 | 0.263 | 0.264 | 0.265 | 0.267 | 0.266 | 0.266
4000 0.268 | 0.268 | 0.267 | 0.266 | 0.267 | 0.269 | 0.269 | 0.266 | 0.269 | 0.271 | 0.274 | 0.274 | 0.275 | 0.274
4500 0.277 | 0.276 | 0.276 | 0.276 | 0.274 | 0.274 | 0.273 | 0.273 | 0.273 | 0.273 | 0.277 | 0.282 | 0.283 | 0.284
5000 0.287 | 0.286 | 0.285 | 0.285 | 0.282 | 0.28 | 0.279 | 0.281 | 0.28 | 0.276 | 0.277 | 0.277 | 0.28 | 0.282
5500 0.3 |0.299 | 0.296 | 0.297 | 0.292 | 0.29 | 0.289 | 0.292 | 0.289 | 0.286 | 0.285 | 0.285 | 0.287 | 0.288
6000 0.319 | 0.318 | 0.314 | 0.315 | 0.307 | 0.301 | 0.298 | 0.306 | 0.3 | 0.296 | 0.291 | 0.288 | 0.288 | 0.289
6500 0.341 | 0.343 | 0.333 | 0.334 | 0.322 | 0.317 | 0.314 | 0.319 | 0.317 | 0.31 | 0.304 | 0.3 | 0.298 | 0.299
7000 0.414 | 0.435 | 0.406 | 0.409 | 0.359 | 0.343 | 0.333 | 0.347 | 0.336 | 0.33 | 0.325 | 0.314 | 0.313 | 0.314
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Appendix A6 Brake Torque (Nm) table for all optimum cam profiles

Engine

RIgM Cl C2 C3 C4 C5 C6é C7 C8 C9 C10 Cl1 Cl12 C13 Cl4

500 151.62 | 146.65 | 137.75 | 138.02 | 127.08 | 130.36 | 131.66 | 128.94 | 154.17 | 147.84 | 143.11 | 138.55 | 124.02 | 118.42
1000 179.92 | 179.31 | 177.26 | 178.4 | 174.96 | 175.57 | 175.02 | 174.64 | 184,59 | 175.2 | 158.74 | 165.25 | 149.66 | 144.11
1500 197.92 | 198.84 | 199.66 | 200.49 | 198.04 | 197.9 | 194.11 | 197.39 | 201.6 | 190.63 | 163.8 | 180.05 | 165.37 | 160.35
2000 224.14 | 229.12 | 235.19 | 235.87 | 237.16 | 232.2 | 221.85 | 232.1 | 230.83 | 212.35 | 166.18 | 194.74 | 173.72 | 167.97
2500 228.9 | 231.57 | 236.55 | 234.81 | 243.68 | 243.04 | 237.72 | 240.96 | 241.44 | 229.87 | 169.83 | 216.36 | 196.34 | 190.6
3000 202.26 | 204.36 | 208.51 | 207.66 | 213.84 | 226.15 | 232.35 | 219.67 | 229.92 | 226.56 | 177.46 | 220.08 | 207.35 | 203.24
3500 1925 | 192,74 | 193.99 | 193.56 | 195.09 | 197.22 | 203.97 | 199.17 | 202.98 | 198.55 | 183.13 | 195.02 | 194.89 | 192.76
4000 202.22 | 205.31 | 207.55 | 206.64 | 203.1 | 195.1 | 194.22 | 205.28 | 193.34 | 183.36 | 180.28 | 182.97 | 182.3 | 181.76
4500 189.73 | 193.65 | 195.93 | 194.28 | 198.29 | 199.2 | 201.05 | 203.01 | 201.94 | 187.93 | 183.81 | 180.13 | 172.47 | 169.6
5000 175.13 | 178.2 | 181.03 | 179 | 188.65 | 195.05 | 199.41 | 193.72 | 196.63 | 204.11 | 192,51 | 203.1 | 192.57 | 187.79
5500 162.52 | 165.67 | 169.82 | 167.32 | 177.84 | 187.25 | 194.18 | 183.82 | 191.33 | 198.63 | 190.09 | 197.53 | 190.22 | 186.74
6000 140.84 | 144.82 | 150.21 | 147.45 | 162.73 | 174.7 | 184.41 | 168.31 | 177.23 | 193.43 | 190.95 | 198.94 | 198.52 | 197.05
6500 118.99 | 124.88 | 132.27 | 129.24 | 142.18 | 151.38 | 162.06 | 149.67 | 154.16 | 172.8 | 172.79 | 182.17 | 186.3 | 185.71
7000 90.76 | 92.63 | 102.13 | 99.37 | 118.8 | 131.42 | 145.18 | 130.12 | 137.82 | 154.41 | 155.2 | 166.74 | 172.34 | 171.76
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Appendix A7 Brake Power (KW) table for all optimum cam profiles

Engine

RgM Cl C2 C3 C4 C5 C6 C7 C8 C9 C10 Cl1 C12 C13 Cl4
500 794 | 768 | 7.21 | 7.23 | 6.65 6.82 6.9 6.75 8.08 8.1 7.74 7.26 6.5 6.2
1000 18.84 | 18.78 | 18.56 | 18.68 | 18.32 | 18.39 | 18.33 | 18.29 | 19.33 | 19.15 | 18.34 | 17.31 | 15.67 | 15.09
1500 31.09 | 31.24 | 31.36 | 31.49 | 31.11 | 31.09 | 30.49 | 31.01 | 31.67 | 31.33 | 29.95 | 28.28 | 25.98 | 25.19
2000 46.95 | 47.99 | 49.26 | 49.4 | 49.67 | 48.63 | 46.46 | 48.61 | 48.34 | 47.37 | 4447 | 40.79 | 36.38 | 35.18
2500 59.92 | 60.63 | 61.93 | 61.48 | 63.79 | 63.63 | 62.24 | 63.08 | 63.21 | 62.47 | 60.18 | 56.64 51.4 49.9
3000 63.55 | 64.2 | 65.51 | 65.23 | 67.18 | 71.05 73 69.01 | 72.24 | 70.92 | 71.18 | 69.14 | 65.14 | 63.85
3500 70,56 | 70.65 | 71.1 | 70.95 | 7151 | 7229 | 74.76 73 74.4 7331 | 7277 | 71.48 | 71.43 | 70.65
4000 8471 | 86 |86.94|86.55| 85.08 | 81.73 | 81.36 | 85.99 | 80.99 | 78.98 | 76.81 | 76.64 | 76.37 | 76.14
4500 89.41 | 91.25|92.33 | 9155 | 93.44 | 9388 | 94.75 | 95.67 | 95.17 | 94.41 | 88.56 | 84.88 | 81.27 | 79.92
5000 91.71 | 93.31 | 94.79 | 93.73 | 98.78 | 102.13 | 104.41 | 101.43 | 102.96 | 106.48 | 106.87 | 106.35 | 100.83 | 98.33
5500 93.61 | 95.42 | 97.81 | 96.37 | 102.43 | 107.85 | 111.84 | 105.88 | 110.2 | 111.99 | 114.41 | 113.77 | 109.56 | 107.55
6000 88.5 | 90.99 | 94.38 | 92.65 | 102.25 | 109.77 | 115.87 | 105.76 | 111.36 | 114.1 | 12154 | 125 | 124.73 | 123.81
6500 80.99 | 85.01 | 90.04 | 87.97 | 96.78 | 103.04 | 110.31 | 101.88 | 104.93 | 108.91 | 117.62 | 124 | 126.81 | 126.4
7000 66.54 | 67.9 | 74.87 | 72.84 | 87.08 | 96.34 | 106.43 | 95.38 | 101.03 | 104.48 | 113.19 | 122.23 | 126.33 | 125.9
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Appendix B Prototype Manufacturing

Appendix B1 Cylinder Head made from wood
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Appendix B3 Cam profiles arranged on a wooden shaft

Appendix B4 Cement formed between cam profiles
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