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ABSTRACT

An experimental and theoretical investigation has been undertaken in which a unique method

of position measurement has been developed and used to study the real-time behaviour of

reed valves in a two-stroke engine. This sensor has allowed the acquisition of high resolution

position data, recorded during unstable operating conditions, in a format that is convenient

for further analysis. This in turn has provided the opportunity to improve the modelling of

reed valves through the development of the forcing function.

The sensor uses active infra-red to achieve non-intrusive position measurement and can be

attached in close proximity to the reed valve, enabling high common mode rejection of

vibration with a resolution of 0.01mm possible. The sensor underwent back to back

evaluation with a recognised video stroboscopic method of reed position measurement during

stable operating conditions, during which not only was its own integrity established, but also

the limitations of the currently recognised method demonstrated. A set of comparative

experiments using different reed types in a range of operating conditions were conducted,

with observations on the high resolution data reported. The sensor's ability to record the

continuous real-time position of a reed in unstable motion resulted in improved modelling

of reed valves through a detailed examination of the forcing function and damping

parameters.



Nomenclature

The following list defines general symbols, subscripts, notation and abbreviations;

specific nomenclature is defined in the appropriate text.

Symbols Units

Starting peak amplitude -

C Viscous damping -

n Structural damping -

A Vibrational constant m'
p Reed density kg/m?
© Free vibration mode shape -

8 Angle rad

xX Arbitrary variable -

W, Radiancy above mode i rad/s

W, Radiancy at half power below wi rad/s

W, Radiancy at half power above wi rad/s

Wy Radiancy below mode i rad/s
A Reed cross-sectional area m’
b Width of reed m

Cc Damping constant -

d Height of reed m

E Modulus of elasticity N/m?
F Forcing function N
f Frequency Hz
I Second moment of area m‘
j Attenuating constant -

k Attenuating constant -

K Spring constant N/m
l Length of reed m

M Mass Kg
m Moment Nm
P Pressure N/m?

Paown Pressure downstream of reed N/m?

Por Preload offset N/m?

Pi. Pressure upstream of reed N/m?

Q Shear force N
t Time s

x Distance along reed from pinned end m

y Reed displacement mm
z Principal coordinate m

il



Abbreviations

A/D
TDC
ATDC
BDC
BTDC
IR
IEU
LED
PC
QUB
FFT

Subscripts

Analogue to Digital converter
Top Dead Centre
After Top Dead Centre
Bottom Dead Centre
Before Top Dead Centre
Infra Red
Instrumentation Enhancement Unit
Light Emitting Diode
Personal Computer
Queens University Belfast
Fourier Function Transformer

At mode i
At the natural frequency of oscillation

ill
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1.1 GENERAL
This chapter briefly describes the history of the two-stroke engine and in particular the key

aspects ofdevelopment that have been important. The contemporary research is reviewed

and presented in order to illustrate how the broader, more general topics, relate to those

specialist subjects such as reed valves. The relevance of reed valves to current two-stroke

applications is explained and some of the difficulties relating to their real-time analysis is

discussed. In view of the difficulties ofobtaining reliable reed position data for the analysis

of their dynamic behaviour, current sensor technology is reviewed in an attempt to identify

alternative approaches. Finally, the objectives of the work described in this study are

presented.

1.2 THE TWO-STROKE ENGINE: A REVIEW

The invention of the two-stroke engine is generally accredited to Sir Dugald Clerk in the

late nineteenth century. However the original 'three port' design (where the piston

controlled the inlet, transfer and exhaust ports, and scavenging was achieved through the

use of crankcase compression) was patented in 1891 by Joseph Day. Loop scavenging was

patented in 1925 by the German engineer Dr. E. Schneurle and it was his design which has

had a major influence on most subsequent two-stroke engine development.

Contemporary small displacement designs are based on the more recent innovations by

Walter Caaden from the MZ company, who in 1959 introduced an engine with a resonant

expansion chamber and disc valve induction control. The abundance of motorcycle,

scooter, moped and outboard engines using similar designs is testament to the successful



automotive application of the MZ design. In addition, its ability to operate in any

orientation together with its high power to weight ratio has allowed it to dominate the

engine choice in hand-held power tool applications. The reasons for its successful

widespread application are often masked by the perception that the two-stroke is just a

simple design which is easy to develop andmanufacture. Whilst this statement may be true

for the fundamental power generatingmechanism, the gas dynamic processes involved are

extremely complex, giving rise to multifarious possible configurations and associated

characteristics.

A survey of the published literature relating to gas flow in two-stroke engines revealed that

unsteady flow through the entire engine was first analysed by Blair ' He used an approach

based on the method of characteristics to predict the through flow and hence engine

performance. Earlier research had treated inflow and outflow separately. 23 Across the last

two decades analysis of the complete system has been further developed** and more

recently has been revised by Blair’ using a new approach based upon a procedural method

ofmesh interpolation.

The complete system can be divided into three natural areas of study:

(1) The flow of fresh charge through the carburettor and inlet manifold into the

crankcase which is generally referred to as "induction".

(ii) The transfer process of fresh charge into the cylinder displacing the residual

exhaust charge which is referred to as "scavenging".

(iii) The gas dynamic processes in the exhaust and expansion chamber.



Of
these three, scavenging is probably the most complex as it involves the simultaneous

replacement ofthe residual charge by the fresh charge. This would ideally happen without

any mixing between the old and new charge; the old charge being expelled without any

fresh charge lost into the exhaust. Ideally, perfect scavenging would occur at all speeds and

throttle settings. Analysis of the scavenging processes enabled the extent to which the fresh

charge successfully replaced the residual gases to be determined. It identified the amount

ofmixing that occurred between the two and the trapping efficiency which determined the

degree of containment of the fresh charge in the cylinder. The effects of these scavenging

processes affect other quantifiable parameters such as emissions and thermal efficiency.

The efficient use of fuel suffers ifpoor scavenging with a high degree ofmixing and "short

circuiting" takes place.*° "Short circuiting" is the term for fresh charge passing directly into

the exhaust without participating in the combustion process. This represents the most

wasteful use of fuel.!° Mixing of the fresh charge and residual gases during scavenging

results in poor combustion with a detrimental effect on thermal efficiency.
"

Recent legislation and environmental issues led to more research on emissions, the prime

areas ofwork focusing on short circuiting during scavenging,
'*'? and combustion chamber

design'?. Stratified charging was identified as one way of ensuring that fuel was not lost

into the exhaust by short circuiting, because the fuel would not enter the cylinder until the

end of the scavenging process.'*!* An alternative approach was through the use of direct

injection, where a fuel/air emulsion was injected into the cylinder after the exhaust port had

closed. !*!7



Research into the unsteady flow in the exhaust system formed an important area of

research, not only because it defined the boundary conditions at the exhaust port (required

for scavenging analysis), but also because it explained the relationship between the

physical geometry of the expansion chamber and the torque characteristics of the engine.
*

The expansion chamber is constructed from two elements which fulfil two basic functions.

The diverging section (the diffuser) acts as a wave converter transforming the exhausted

pressure pulse travelling down the pipe into a negative pulse which is then reflected back

towards the cylinder. This reflected pulse would, ideally, arrive so that it is optimally used

in the scavenging of the cylinder. As the exhaust pressure front continues along the

expansion chamber it reaches the converging section (the baffle), where the second

function is fulfilled. Here the positive pulse is reflected without inversion so that a high

pressure wave travels back along the expansion chamber and arrives at the cylinder in time

to "plug" the exhaust port. This stops the outflow of fresh charge from the cylinder which

is now on the compression stroke.

The gas and thermodynamic processes that are involved with these resonating pressurey Pp:
P.

pulses are extremely complex. Research into this behaviour can be categorized into the

pure work,'’”° which attempted to accurately model the behaviour, and the work which

derived simpler empirical relationships for determining basic expansion chamberp p Pp
g Pp

geometries.?'??One branch of this predictive work focused on the acoustic consequences

ofexpansion chamber behaviour where, through legislation, noise yerformance has come1 pe

under scrutiny.



Another area of research has been the unsteady flow in the inlet and crankcase which is

necessary for defining the boundary conditions at the transfer ports. Most studies focused

on the analysis and solution ofunsteady flow in the associated pipes, ducts and nozzles.

There are other special topics associated with induction that are of interest to researchers.

These include the carburation of fuel under unsteady flow conditions” and the use of

electronic fuel injection as a method of metering the fuel/air mixture, investigation of

induction-generated noise and the means of reducing it without affecting performance,”

as well as the mechanisms of flow control between the inlet manifold and the crankcase.

It is these mechanisms of flow control which are ofmost interest in this study and are

discussed in more detail in the next section.

1.2.1 TWO-STROKE INDUCTIONME M.

In the contemporary small displacement designs mentioned earlier, there are three types

of induction mechanism:

(i) The piston-ported system.

(ii) The disc valve system.

(iii) The reed valve system.

The simplest method of allowing fresh charge into the two-stroke engine is by the

movement of the piston exposing ports in the cylinder wall which allow direct flow into

the crankcase, this is called piston-porting. The timing of a piston-port is symmetric about



Bottom Dead Centre (BDC) and the port has no ability to stop reverse flow. The large port

time-areas required for high power also tended to cause 'peaky' torque curves because of

the poor trapping efficiency at low speed. Better control ofthe fresh charge is possible with

the disc valve,a spring steel or phenolic disc connected to the crank, in which an aperture

aligns with the inlet manifold to open the port when the crankshaft is in the desired

position. The resultant port timing could be asymmetric about BDC giving a significantly

improved torque curve since reverse flow is minimized. This represents a big improvement

over the piston-ported configuration. However, this system of induction control still has

two limitations, firstly the valve timing is fixed with respect to speed and load, and

secondly the disc needs to be located on the end of the crankshaft associated to each

cylinder. Formulti-cylinder designs this becomesa restricting factor.

The reed valve is an automatic demand-operated valve with infinitely variable valve timing

which can optimise itself to suit the fluid dynamic conditions. Reed valves have enjoyed

widespread use in compressor design throughout the twentieth century and were first used

in two-strokes in outboard motors. In the late seventies they were introduced into

motorcycle engines. Figure 1 overleaf showsa typical reed valve, designed as a wedge-

shaped block with either spring steel or composite material used for the reed petals. The

reed valve functions as follows: with no pressure differential across it, the valve is kept

closed by the spring stiffness of the reed. A negative pressure gradient keeps the reed

closed against the sealing surface, whilst a positive pressure differential will oppose the

teed stiffness and allow it to open. Once open, flow can occur through the valve.



An ideal valve
would be one which opened and closed instantaneously when a positive or

negative gradient was sensed. Unfortunately there is a finite time for such a valve to close,

during which undesirable reverse flow may occur. Flow through the valve should have no

resistance, but since the open valve forms a nozzle, the discharge coefficient is less than

unity. As a result a design compromise had to be reached. To achieve high coefficients of

discharge, a reed with a low spring stiffness is required. For fast closing, a reed with a high

stiffness to weight ratio would be necessary.

Mounting flange,
Reed

Pt P2 P3 P4

FIGURE 1 - Reed valves shown in the open and closed position. Left with pressure (P)1 less
than P2, the reed valve is held closed by the spring stiffness and the pressure difference.
Right with P3 greater than P4, the spring stiffness of the reed is overcome and flow through
the valve will occur.

In some applications such as a reciprocating compressor there is no need to compromise

the design, for example, when operating at 600 rev/min, a reed with a natural frequency of

200 Hz (12000 rev/min) would close within 4.5 degrees of engine rotation under its own

8



spring action. In a high speed two-stroke working at 12000 rev/min (the same as the reed’s

natural frequency) it would take 90 degrees to close. In practice the reed would be forced

closed during the period of reverse flow.

Observation of reed valve motion in a working engine is of considerable benefit in

improving the understanding of factors affecting reed performance, however, achieving this

in the hostile environment of a firing engine has in the past, proved to be difficult.

13 REED VALVES: A REVIEW

Some of the benefits of reed valves over piston-ported designs were demonstrated by

Blackwell” who showed that by converting piston-ported designs to reed induction he

could improve the performance at both low engine speeds and at part throttle. This was of

significant use in the consumermotorcycle market because by flattening the torque curve,

the two-stroke motorcycle became much more rideable and therefore more commercially

acceptable. Although Blackwell provided a general model for describing the unsteady flow

through the engine, no specific model for the reed was included. Krieger had made the

first attempt to model reed valves in two-stroke engines in 1969 by considering the reed as

a sprung mass with a single degree of freedom. However this did not produce a close

correlation between the theoretical and experimental results. In 1967 during work on

reciprocating compressors, Wambsganss and Cohen”! considered the reed to behave as a

simple cantilever.



Studies on reed valve modelling in two-stroke engines (assuming cantilever behaviour)

were published by Hinds” and Blair® who built on the significant engine modelling done

in Belfast earlier by Blair and Cahoon.™ Blair and Cahoon had investigated and modelled

unsteady gas flow through the induction systems ofhigh specific output two-stroke engines,

but had not included any consideration of engines that used reed valves. Together Hinds

and Blair developed a mathematical model which represented the reed valve/crankcase

boundary that could then be included in the general engine model. They too, considered the

reed as a simple cantilever. Their investigation used an engine simulator to allow reed

position to be recorded photographically using discrete photographs and high speed cine-

film. Their theoretical approach took into consideration the shape of the reed as it lifts off

the valve seat, and concluded that it was the superposition of the separate modes associated

to the reed vibrating naturally as a cantilever beam. They concluded that the model

provided a basic correlation under uncomplicated simulator conditions between predicted

and pseudo-real reed position.

Blair and Hinds® also compared several thicknesses of steel reeds and their corresponding

performance against the piston-ported design. This work showed that thin reeds "flutter"

at high speeds, whilst thick reeds remain stable and that thin reeds have a good delivery

ratio at low speed, unlike thick reeds whose stiffness had a detrimental effect on the flow

performance. Essentially this reflected the fundamental conflict in the design parameters,

i.e. high speed stability was compromised with low speed flow. They also demonstrated

that if a piston-ported engine had port timing that was sufficiently conservative so as to

preserve low speed performance, it could not be improved with reed valve induction.

10



The next significant development in reed analysis came out ofthe YamahaMotor Co. Ltd.,

from its researchers Hata et al.'* To improve part throttle performance in reed valve

engines, they used a video stroboscopic technique to record reed motion in
a firing engine.

Theirmethods allowed far faster analysis ofdata, although it relied on stable reed operation

and on the averaging ofmany cycles to give lift information that was representative of

general reed behaviour.

This technique was used and improved specifically for reed valve research by Fleck eg al. *

To assist data analysis, a circle of a known diameter was used as a reference dimension

against which reed lift could be compared using an imaging processing system. However,

this system of reed measurement was still restricted to stable cyclic regimes, and the

frequency of data was still limited by the frame speed of the video camera. This method

also requiredmanual involvement in takingmeasurements. An interactive imaging process

was used to measure the position of the reed tip on the video monitor for every data point

logged. It demonstrated the cyclic variation of the reed even under the stable operating

conditions ofthe simulator. The "actual" lift positions showed erratic and instant position

changes which would have represented reed jerks of some significant magnitudes, but there.

was no corresponding real-time pressure data to coincide with this lift detail (see Figure

2 overleaf). Cyclic variation would cause jitter in the stroboscopic construction of a

pseudo-real lift profile. This study by Fleck er al.,*° also compared performance data from

a range of steel and composite reeds with both plain and tapered profiles and demonstrated

for the first time that improvements in performance could be gained with the use of

composite materials.

11
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e

predicted reed

position. (Reproduced from Fleck et al.**)

In addition to the experimental work, Fleck and his co-workers made three main

modifications to the theoretical model of the reed, these were:

(1) Simplification of the forcing function by considering the force on the reed

to be the product of the reed area and the pressure differential across it. This

was found to be as accurate as splitting the reed into incremental areas

which was a method earlier developed at QUB by Hinds” in his Doctoral

thesis.

(ii) Inclusion of algorithms to predict reed rebound from the stops.

(iii) Adjustment of the model to allow the use of tapered reeds.

The most recent work published on the function of reed valves has come from researchers

working at Alpha Lancia in Italy,*who studied the possibility of reed valves improving the

12



torque characteristics of four-stroke engines by placing a reed valve assembly directly

upstream from the inlet valves. This design resulted in no loss of torque within the power

band and up to a 30% improvement was achieved in the mid-range torque. This was as a

direct result of the reeds blocking any reverse flow during inlet and exhaust valve overlap,

where previously, pollution of the inlet charge would normally have occurred. These

researchers evaluated and optimised the design feasibility using a fluid-dynamic modelling

package called "SASP".

1.4 POSITION SENSOR TECHNOLOGY: A REVIEW

In light of the previously described difficulties involved in obtaining reliable reed position

data, it was useful to review the sensor technologies which may have been possible to

adapt for direct real-time reed position measurement. The previously published methods

used to measure the position of a reed valve have all been photographic techniques, where

images of the reed in subsequent frames are used to construct the dynamic position profile.

These are indirect methods ofmeasurement.

A direct method ofmeasurement would use a sensor whose output directly indicated the

position of the reed. The position of the reed can be considered as a deflection or

movement from a rest position. Strain gauges and accelerometers are able to measure

deflection and motion but they would modify the behaviour of a delicate structure such as

a reed. Proximity sensors, including laser measurement devices, can measure position

without affecting any of the structures. Current systems however are generally large and

expensive and although cheaper systems are available they have a limited bandwidth.

13



There are threemain sensor technologies that are applicable for low cost proximity sensing

or measurement. A good detailed review of these technologies is given by C. Loughin.””

These are the inductive, capacitive and photo-electric sensors. Each will be briefly

discussed here and the mechanisms of detection described.

141 INDUCTIVE PROXIMITY SENSORS

An inductive proximity sensor can be used to detect conductive materials in which eddy

currents can be generated. A coil is energised with an alternating current, generating an

associated magnetic field that emerges from the coil axis (Figure 3). If a piece of

conductingmaterial is placed near the end of such a sensor then the lines ofmagnetic flux

induce circular eddy currents in the material. These eddy currents dissipate resistive energy

which is provided by the oscillating source. As the target is brought closer to the sensor,

the load current increases with the strength of the magnetic field.

A circuit that can then measure the changes in load on the system can provide a signal with

a relationship between load and the distance between the target and the sensor. The

sensitivity of an inductive sensor is dependent on the size and material of the target, the

power of the coil and the orientation of the target to the sensor. The range of the inductive

sensor is typically up to 20mm. Inductive sensors are not suited to reed valve measurement

since they are sensitive to both electrostatic and magnetic fields, more generally they would

not work with composite reeds.

14



FIGURE 3- Current (1) flowing in
the coil generates a magnetic field
(F) flowing through its axis. If a
conductor is brought within this
field circular eddy currents (E) are
generated which load the coil as
they dissipate resistive energy .

1.4.2 CAPACITIVE SENSORS

Capacitive sensors are similar to inductive sensors but they use amodulating electrostatic

field rather than amagnetic field. They are sensitive to a wider range ofmaterials and are

useful up to 100mm. A capacitor is made up of two charge-coupled electrodes normally

referred to as plates which are separated by an insulating dielectric. The capacitance

changes according to the size of the plates, the distance between them and the permittivity

of the dielectric. A capacitive sensor is made by energising an electrode (which forms one

capacitor plate) with an ac voltage and uses the target object as the other plate, the air gap

or other non-conducting fluid acts as the dielectric. Circuits then measure the capacitance

of the system and can sense the target object as it approaches. The capacitance between the

plates is inversely proportional to the distance between them.

Capacitive sensors are sensitive to most materials and are consequently affected by the

15



surrounding environment. Their sensitivity also depends on the target material, metals

having ten times more capacitance per unit volume than oil or plastic. The capacitive

sensor is sensitive to magnetic and electrostatic fields and changes in temperature and

humidity. It is also difficult to make capacitive sensors directional. For these reasons this

technology is unsuited to reed valve measurement.

14.3 PHOTO-ELECTRIC PROXIMITY SENSORS

Photo-electric sensors function by detecting the presence or absence of light. The material

of the target is not important, only its ability to reflect or block light. The photo-electric

sensor requires a transmitter and a receiver and at the time of this study, the cheapest

source ofwhich, were semi-conductor devices. The transmitters being light emitting diodes

(LEDs) and the receivers photodiodes or phototransistors. The intensity of the received

light is the sensed variable and it is necessary to use a modulated source or pulse code to

reject the effects of strong background light. There are four basic types of photo-electric

sensor, the first three, the through beam, the retro-reflective and the fixed focus are go/no

go sensors in that they are intended to detect only the presence or absence of the target

object. These operate by sending out a beam of light which arrives at the receiver either by

continuous line of sight (the through beam), or by prismatic reflection (the retro-reflective),

or by focused reflection (the fixed focused). The receiver indicates whether this light is

present, which in turn determines whethera target is present or not, depending on the

application. Fixed focus sensors usually worked up to 20mm, the retro-reflective up to 2m

and the line of sight sensors up to 20m. The fourth type, the diffuse-reflective optical

sensor, measures the amount of light reflected from the surface of the target objects (Figure

4 overleaf).



For a proximity switch a threshold is set above which the target object is recognised as

being present. In this fundamental state the received signal strength is a function of the

surface colour, type and size. These sensors are used extensively in process control where

the variable parameters are defined, but are not directly suitable for applications where a

linear relationship between sensor output and target distance is required. The large

separation possible between sensor and target, coupled with flexibility of application,

suggested that these sensors were the preferred choice for pursuing a linear system such as

that required for the measurement of reed position.

i : Transmitter a

Transmitter : Receiver

t nam8

Prismatic
ReflectorAV AY

Target Target

Transmitter

“tT
Transmitter

1 t Targetarge
Receiver

Receiver m v

FIGURE 4- (i) The through beam, (ii) the retro-reflective sensor, (iii) the fixed focus sensor
and (iv) the diffuse-reflective sensor.
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1.5 SUMMATION AND OBJECTIVES OF THIS STUDY

The survey of the literature revealed that there was room for improvement in the techniques

used for reed valve position measurement. Existing techniques, while providing useful

information, yielded data with a number ofdiscrepancies. Accurate real-time measurement

of reed valve motion should aid understanding of their operation, their influence on engine

performance and assist in their development, especially in the unsteady operating regime

if such data could be obtained.

The use of a real-time technique for position sensing that could couple directly to a data

acquisition system would allow fast analysis and comparison of different designs.

Automating this part ofa previously time consuming activity would speed up the iterative

loop in optimising the analysis of any particular reed design or the development of a reed

model.

A survey of appropriate sensor technology suggests that a non-intrusive technique based

upon optical proximity technology offered the most hopeful solution. A dedicated, optical

based sensor system would have advantages of small size, low cost and flexibility over any

proprietary system. It was also felt that such a sensor design could have subsequent

commercial benefit and that this application offered a good development opportunity.

An analysis of the existing modelling techniques had shown that a critical issue in

modelling reed behaviour was the establishment of the forcing function. Existing studies

of reed motion use a forcing function derived from up- and downstream pressures in an
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arbitrary manner. Accurate real-time reed position data in conjunction with pressure data

would enable a much better understanding of the forcing function and it's effect on reed

motion.

As a consequence of the previous analyses it was decided to undertake a program ofwork

with the five main objectives summarised below:

(i)

(ii)

(iii)

(iv)

(v)

To develop a low cost position sensor capable ofmeasuring reed position

in real-time and to acquire this position data in an electronic format,

suitable for subsequent computer manipulation, at a frequency of at least

every one degree of crank rotation.

To validate the sensor output by comparison with a recognised procedure

for measuring reed valve position.

To measure and acquire the pressure difference across the reed whilst in

unstable operation so that a more accurate model of dynamic reed motion

could be developed.

To use the sensor's real-time output to obtain modal damping and

frequency data from out-of-engine bench tests.

To use the sensor to compare the performance of different reed types

in a firing engine.
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2.1 GENERAL

It was decided that a device for measuring reed valve position in a firing engine should

include the following specification:

(i) The sensor had to be non-intrusive.

(ii) It had to be small enough to mount in the most restrictive ofpositions.

(iii) It had to be immune to high levels of vibration and temperature.

(iv) A wide bandwidth would be desirable to maximize its application.

As previously discussed, it was felt that this specification could be met by using an optical

device. In order to pursue this approach, a review of reflective photo-electric technology was

undertaken.

2.2. REFLECTIVE PHOTO-ELECTRIC REVIEW

The fundamental reflective photo-electric theory has been presented in texts such as that by

Victor Noviski,** and the important elements and conclusions are summarised below.

If a light source radiates towards an object, there are two possible mechanisms by which the

incident light will be reflected. In the first, “specular reflection", incident light is reflected at

an angle equal to the incident angle but in the opposite direction. The second is known as

"Lambertain reflection" after Heinrich Lambert who first characterised it. This is defined as

the diffuse reflection of residual light after a surface has absorbed and dissipated some of the

light energy as heat. Diffuse reflection has an intensity of reflection which is a function of the

viewing angle (see Figure 5 overleaf).
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Source

Diffuse reflection

So
Lambertain Surface

FIGURE 5 - Lambertain reflection. Whena radiant source is incident upon a diffuse (Lambertain)
surface, light is reflected in all directions from the microscopic surfaces that make up the outside
layer. The intensity is highest directly above the incident point and reduces with the apparent
surface area, when viewed from an angle.

Most surfaces will display all of these properties to some degree. Three examples which

demonstrate the extremes are:

(1) A common mirror which will reflect 80% of light specularly and give 10%

Lambertain reflection whilst the remaining 10% is absorbed.

(ii) A piece of white matt paper will give a dominant diffuse Lambertain

reflection of 95% and will absorb the remaining 5%.

(iii) Brushed aluminium will give both specular and Lambertain reflection levels

of 20% whilst it absorbs the remaining 60%.

Lambertain reflection was the most suitable quantity to measure as it was less dependent on

target orientation, although it did vary according to the different surface properties.
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Two
methods

of achieving an output position function that is independent of surface type

have been proposed. The first by Okada and Rembold” was amechanical solution, where a

position was found on a spinning disc, such that the correct geometric relationship between

a spiral slot and a light source existed, so that radiated light passing through it struck the

target surface directly normal to the receiver. The angular position of the disc determined the

distance of the target object from the receiver (see Figure 6). A second method proposed by

Paul Regtien*° had no moving parts but used two receivers, one closer to the target than the

other. Whilst different surfaces give different reflected light intensities, he demonstrated that

the ratio of one measured signal to the other determined a characteristic function with

distance for any diffuse surface. Unfortunately this was a non-linear relationship which would

require calibration for each geometric possibility. Regtien recommended that the division of

the two signals was best done digitally with a microprocessor system.

Wide angie transmitter,oo
7: Rotating disk

—
_—

_ L
Focused detector

Spiral slot
(plan view)

FIGURE6 - Okada’'s linear solution, at distance "d" from the sensor. The target surface at point
“p" forms a unique angle "a" with the transmitter source. There is only one position of the disc
where light can pass uninterupted through the slot. The angular position of the disc directly
represents the distance between the target surface and the focused detector.
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Whilst the two systems demonstrate two possible ways ofdesigning a proximity sensor with

a linear output, they cannot directly be applied to the measurement of reed valves. The disc

system would have to rotate once for every data point. So in order to obtain one degree

interval data, when the engine was running at 10000 rev/min, it would have necessitated an

impractical speed of3600000 rev/min. Therefore such a system would only be useful for the

detection of slow moving objects where the position information required was to define

where an object is, rather than continually sense Aow it is moving.

Paul Regtien's proposal of two receiving elements which needed to be placed apart, would

not be convenient for measuring reed valve position nor would the independence ofobject

colour be essential since the reed valve would have a defined colour and surface texture.

2.3 THE POSITION SENSOR

It was felt that infra-red (I.R.) light emitting diodes and silicon photodiode receivers similar

to those commonly used in T.V. remote controls, were an ideal source of cheap front end

optical hardware. The simplicity of the infra-red LED and photodiode had the following

advantages:

(1) Their small size and mass made them easy to attach to a complicated

structure.

(ii) As the sensor could be attached directly to a structure, common mode signals

affecting components under observation within the structure, such as

vibration, would be significantly reduced.

(iii) These sensors had a high bandwidth.
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IfLR. is transmitted toward an object, the intensity of the light reflected would be a function

of its size, its reflectivity (both colour and shape) and its distance from the source.

Unfortunately the relationship with distance is non-linear. The function relating distance with

reflected light contains terms that are inversely proportional to the fourth power of the

distance between sensor and target.

To generate a linear and calibrated signal from this non-linear relationship would require

extremely complex data processing hardware. However, it was felt that if the signal was

digitised it could be easily processed using a computer. Consequently, it was thought that by

coupling the flexibility of a simple front end with the data processing ability of an existing

small computer, it should be possible to develop a system that was both powerful and cheap.

When measuring the position of reed valves there is only one degree of freedom and only a

single object with consistent optical characteristics under observation at any time.

Consequently, some of the general problems associated with the sensor's non-linear behaviour

would not apply in this application.

As a result the magnitude of the output from the sensor would be a direct function of the

distance between the sensor and the object. To linearise the sensor, a look-up table was used.

The data required for this array was predetermined froma static calibration procedure. This

procedure needed to be repeated for any change in the variables, but it was neither

complicated nor time consuming.
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2.4 POSITION SENSOR DESIGN AND DEVELOPMENT

A prototype circuit for the sensor was constructed which consisted of four sub-units: the

optics, the null stage, the amplifier and the filter. The design and circuit description along

with the circuit diagrams can be found in Appendix 1. Having developed a prototype, its

performance was evaluated and some time spent considering ways to improve it before the

experimental program commenced.

One of the aims during development was to maximize the signal to noise ratio, since this

would improve the resolution of the instrument. Two ways ofachieving this were tried:

(1) Increasing the magnitude of the optical signal being measured.

(11) Reducing the amount of noise entering or generated in the system.

2.4.1 IN ING T PTICAL SIGNAL

Three modifications were made to improve the signal strength:

(1) Originally the reed was painted with unreflective black paint, with a small

reflective spot painted as shown in Figure 7a. This provided a highly reflective

but diffuse surface necessary to provide immunity to signal changes resulting

from any slight angular variations in the target orientation. A much larger

reflective area was used to indicate the position of the reed, so the whole of

the reed tip was painted white resulting in an increase in signal strength that

was proportional to the increase in surface area (by a factor of 5). This gain

in signal was achieved without any increase in the background noise.
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FIGURE 7 - The original optical arrangement ( a) showing the single spot painted on the reed
tip and the final arrangement (b) with the whole of the reed tip painted.

(ii)

(iii)

By pointing the optics (LEDs) to a place on the closed reed, instead of

mounting them parallel to each other, the linearity of the sensor was

improved. This resulted from the light going out of focus as the target

approaches, attenuating the signal. This modified the distance to signal-

strength function to oppose some of the non-linearity from the fundamental

distance/signal-strength relationship.

The original infra-red source was picked because it was suitable and

commercially available. In preliminary trials the transmitter was operated at

a conservative power level of 100mW. Any increase in transmitted power

increased the noise performance by the same margin. The original transmitter

was replaced by a high power, high efficiency variant and two were used

instead of one (doubling the output). The output power per device was

increased to 200mW (the maximum specified limit).
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Together these changes increased the amount of received LR. by a factor of 20 making a

significant improvement in the performance. The design was rebuilt using surface mounted

components, reducing its size and enabling it to be housed in a small machined assembly (see

Plate 1 below ).

PLATE 1 - The new position sensor showing a central receiver photodiode between two focused
transmitters.

2.4.2 REDUCTION OF NOISE

Noise occurred from three sources, electrical, optical interference and differential vibration.

These needed to be quantified and any possible improvements incorporated. Electrical noise

occurred from both internal and external sources. The system was dc-coupled and damped

by the low pass filter stage, consequently, the internal noise generated was less than 1mV
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which after calibration equated to a position uncertainty of 0.002mm.

External noise was generated in three different ways, by line noise and both capacitive and

magnetic coupling. Line noise was limited by careful connection of the ground lines and

optimisation of the sensor signal paths. Coupled noise was caused by changes in the electric

ormagnetic fields surrounding the sensor. In the engine environment the worst source of such

field changes was the ignition system, since this generated the highest rates of change in

voltage and current. To limit this interference the ignition was enclosed and blanketed in

conductive material to restrict the radiation, and the sensor was shielded to reduce

penetration. Differential vibration (movement between the sensor mountings and the target

under observation) was determined by obscuring the moving target with a fixed target. Any

differential vibration would have been recognised as change in distance from the fixed target

to the sensor. To quantify this, the reed stop was replaced with one lacking an aperture and

the differential vibration was found to generate the equivalent to 0.005mm of error signal.

This amount ofdifferential vibration would not contribute significantly to measured error.

Two main sources of optical noise were considered to exist:

(1) Background ambient light from the laboratory.

(ii) Light from the combustion flame, since it could have a reflective path through

the boost port.

Each source had the potential to cause a different type of signal corruption. Background light

could affect the lift/signal-strength function as this was defined once during calibration

consequently data corruption could have been caused during tests from different levels of

background lighting. This error wasmeasured by blacking out the sensors and measuring the
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signal difference which equated to 0.08mm. The real error levels were not as large as this,

as tests were not carried out under such large changes in ambient lighting. Flame-induced

signals on the other hand, would have been cyclic and couldmodify the measured lift profile.

This was easy to quantify by running the engine with the transmitters in the sensor switched

off. Any cyclic optical signals would have come from the flame source and be evident by its

correlation with the boost port being open. In practice this concern was unfounded since there

was no evidence of any such noise in the measurements. All background optical noise was

reduced with the use ofan optical "daylight" filter which excluded all visible light within the

receiver device and in the sensor. Painting all surfaces, other than those under observation,

matt black also reduced any ambient reflections.

2.5 THE POSITION SENSOR SYSTEM

Having developed the position sensor it was interfaced with other hardware to complete the

sensor system, which was subsequently used extensively throughout the experimental work.

This consisted of the newly developed sensor, Microlink data acquisition hardware and an

IBM Personal Computer (PC). An instrumentation schematic and full details of the

instrumentation system are given in Chapter 5.

The sensor provided an analogue signal which was a function of the distance between the

optics and any object in their focus. This signal was converted to a digital signal using a 12

Bit Analogue to Digital converter (A/D). The sampling rate could be as high as 100kHz which

was controlled by either the internal time-base or an external clock source such as the output

{rom the three degree shatt encoder, aitached to the crankshaft of the engine. The digital data
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digital data was stored on instruction in the memory ofthe data acquisition system which was

then down-loaded onto the PC using an IEEE protocol. Once resident in the P, the data

could be manipulated and further processed.

2.6 THE APPLICATION OF THE ANALOGUE OUTPUT

The output from the sensor was non-linear with large changes in the signal. However, with

very small signals (less than 1mm) changes could be treated as if they were linear (see Figure

8 below ). The direct output was analogue and consequently the bandwidth and displacement

were not restricted by the sampling rate or quantization error associated with analogue to

digital conversion.

4-
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15 |

t+
Change in sensor output for 0.5mm increments
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FIGURE 8 - Shows the calibration curve for the sensor. For reed lift of up to 5mm very small
changes in position can be considered to give a linear output.

31



In this program ofwork, the direct output was used for modal analysis, analysis of the decay

of free vibration and also for the measurement of the natural frequency of free vibration (f,,).

This was possible since the non-linearity of large signals was irrelevant because the frequency

of peak amplitudes was the measured parameter. The time domain data was linear and this

method of determining f,,, was an easier empirical alternative to the theoretical calculation

of f,) from density, size and Young's modulus. It also allowed Young's modulus to be

calculated for an unknown material, purely from size and mass.

2.7 LINEARISATION AND CALIBRATION

For general application the output had to be linear. The most practical way to linearise the

output was to generate a function or look-up table for the displacement output relationship

and to use this to operate on all test data. This was not attempted in real-time because of the

limitation of the maximum data processing speed. Instead, the data was stored electronically

using high speed data acquisition hardware, and when required each data file was processed

using the linearisation algorithm. The incorporation of this linearisation routine into the

preliminary data manipulation programs was a convenient solution.

2.7.1 PROCEDURE FOR SET-UP

Before the system was calibrated it was advantageous to set it up for maximum resolution.

The reed was moved into the closed position. The gain control was set to a maximum and the

null adjustment set to give an output that represented zero signal on the analogue to digital

converter (either 0 or -5 volts). The reed was moved to the fully open position and the gain

adjusted so that the output was equal to the maximum voltage of +5 volts. All dynamic
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positions of the target during the test generated outputs that fell between these limits, which

maximized the resolution of the analogue to digital (A/D) converter. The A/D converter was

a 12 Bit device which gave 4096 discrete position possibilities through the sensors working

range.

2.7.22 PROCEDURE FOR CALIBRATION

As the system was de-coupled, static positions of the reed gave the same output as the same

position during dynamic operation. Consequently, calibration was possible by multiple static

measurements. In practice, a static data set was taken with 20 points representing the likely

full scale deflection. The reed block was supported in a Perspex manifold, to which the

position sensor wasmounted and a special reed stop was machined with an aperture through

which the sensor had optical access to the reed tip (see Figure 9 below ).

FIGURE9 - Exploded assembly of the transparent reed manifold and the associated
component parts of the reed vaive and sensor.

33



The reed was displaced using a Vernier height gauge ensuring accuracy to within 0.01mm.

This non-linear data would then be loaded into an array and a numerical software routine

used to interpolate between this data to find the required linear values. With this procedure,

calibration could be achieved in 5 minutes.

2.8 VALIDATION OF THE SENSOR SYSTEM

To validate the new position sensor's performance, a comparison between its output and

photographic data was essential. An experiment was set up to measure the dynamic position

of a reed valve under stable operating conditions using a technique similar to the recognised

stroboscopic video used by both Fleck ef al.,*°and Hata et al., "and the new infra-red sensor.

To achieve this, the engine test rig was run at a stable operating point, both in terms of reed

motion and engine speed. The transparent manifold had a scale graduated in 1mm intervals

secured to it and placed in such a way, that during play back, tip lift could be readdirectly

from it (see Plates 2 and 3 overleaf). A beat frequency of about 2Hz was chosen as this

provided 50 video frames per engine cycle. This was done by adjusting the strobe until such

pseudo-motion existed. At this beat frequency there was a good balance between the

resolution in the cycle and the number of cycles included in the averaged data. Once the

engine and strobe were stable, the Microlink data acquisition system was triggered and this

wasmarked on the video by the illumination ofa red light emitting diode (LED) in the corner

of the frame. In this way the two data sets could be associated. To optimise the contrast of

the video, the test bay was blacked out so that the only light illuminating the reed was from

the stroboscope.
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PLATE 2 (teft) - A view of the
Perspex manifold with scale for
stroboscopic videoing of the
reed position with the position
sensor (and pressure sensor)
mounted above to enable real-

“ay time measurement.

PLATE 3 (below) - Shows the
experimental set-up, with the video
camera and stroboscope
positioned prior to use.



To be valid, these data sets had to be stable. To check this, the number of frames were

counted in several successive cycles. When these contained the same number of frames it was

considered likely that the data was stable during each cycle. Five photographic cycles were

taken and then averaged at each data point and the same was done for the digitally acquired

data but for 25 cycles (instead of 5). The data acquisition was initiated by a real-time clock,

since the video recorded frames at equal time intervals rather than in positional increments.
_

This was different from the other experimental work performed on the engine, where

acquisition occurred at regular angular intervals to avoid errors from any modulation in the

angular speed inherent in the crank of a firing engine. These data sets were then compared,

not only to provide validation of their mutual calibration, but also to provide an insight into

any differences between the two systems. The magnitude of the errors between the data sets

lay within the resolution of the video technique, which at best can resolve to 0.5mm as can

be seen in Figure 10.
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Figure 10 - Comparison between real-time sensor output and video stroboscopic data.
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3.1 GENERAL

To fully understand reed behaviour it was necessary to consider the theory relating to reed

32,33,35 beamdisplacement. As a reed was previously considered to behave as a cantilever,

theory was applied in order to understand it's dynamic behaviour. Before the dynamic

displacement of the reed could be determined it was first necessary to establish:

(1) The natural frequency of transverse vibration.

(ii) The characteristic function and it's corresponding mode shapes.

(iii) The damping coefficients.

These dynamic aspects are considered first before reed displacement.

3.2. THE NATURAL FREQUENCY OF TRANSVERSE VIBRATION

Y
x 8X

Z

m+ Sr 6x

nm a| 7).
|

bX a+
SY

6x

FIGURE 11 - A transverse beam showing the forces and moments that act on an elemental length
of the beam at distance x from the pinned end redrawn from Gorman.*'

The theory of transverse vibration of prismatic beams is laid out in theoretical texts such as

Gorman“! and also in other earlier published work,” the key aspects ofwhich are repeated

here."
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The moments and systems of forces applied to an element of length 5x located at x are as

shown in Figure 11 (prevoius page), where:

m- (mn + 25x) + (9 + 22x) Sx + pq tix & =0Q
ax ax 2

as 6 tends to zero, components containing the product 5.6 can be ignored, this reduces the

above so that:

— EQU1

The vertical force on this element is:

dg. dag- = “bxQ- (Q
+ Ex) =~

and applying Newton's second law gives:

aQ a oy~ =
(ondx

ox ot (oa xe
this can be rewritten as:

- 92 = oat FoU 2
Ox ot?

Differentiating equation 1 with respect to x and substituting in equation 2 produces:

2
_o'2 = only Eou 3
ax? at?
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From the theory of the bending ofuniform beams:

E is the modulus of elasticity and / is the second moment of area of the beam where:

ba
12

I= EQU4

Double differentiating this with respect to x and substituting into equation 3 gives:

4

ere?’ + pal’ = 0 BoU 5
ax* at?

This has a solution:

y = o(x)e?™

substituting this into equation 5 gives:

4AO) Mei 20 BQU 6
dx?

where:

rx = PAS EQU 7
EI

and (x) is a function of the coordinate x. Equation 6 has a general solution:

= alcos Ax + b’sin Ax +c’cosh Ax + d’/sinh Ax EQU 8
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The constants a’, 5’, c’ and d’ are determined by the boundary conditions, where at the

clamped end of the beam:

od (x)
dx

x=0) o(x) = =0

i.e. the deflection is zero, and at the free end where:

do (x) _ Ol”)_ 4
ax? ax?

x=L

i.e. the beam has zero bending moment and shear force.

Substituting the first set of conditions into equation 8 gives its first derivative as:

altc' = 0 EoQu 9

and:

b'ta’ = 0 Fou 10

When substituted into the second and third derivative, the second set of conditions give the

following:

a’(-cosAl-coshdAl) +b/(-sinhAl-sinhAl) = 0 EQuU 11

and:

a’(sinAl-sinhXl) +/(-cosAl-coshAl) = 0 EQu 12
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consequently:

b= a! sinAl-sinhAl EoU 13
cos Al-coshAl

Substituting in equation 11 and simplifying, gives the frequency equation:

1 + cos AlcoshAl = 0

The first three roots ofwhich can be found by plotting cosh A/ against sec A/, these are:

1 = 1.875

2 = 4.694

3 = 7.855

Equation 7 can be rearranged to give:

EI(A,1)*
pAl4

(i.e)

EI
pAl4

o, = (A,1)?i

substituting equation 4 for the second moment of area / and simplifying, gives:

Ed?
12914

@, = (A,1)?i
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The frequency of natural vibration in mode () is given by:

f = Os = (A,1)? Ed?
i 2n 2n 12p14

3.33 THE CHARACTERISTIC FUNCTION

For each mode shape the characteristic function is found by substituting the values of the

coefficients a’, d’ and b' from equation 9 and 10 into equation 13. This simplifies to:

o,(x) = c’[cosh A,x-cos A,x-o,(sinh A,x-sin A,x)] EQU 14

where c’ is a Suitable constant and:

sinh A,iJ-sin Al
cosh A,l+cos Alo;

3.4 THE DAMPING COEFFICIENTS

Three methods of analysing the damping of the reed were explored. Two of which were

modal techniques and the third was from the analysis of the exponential decay associated

with free vibration. Both modal analysis methods shared the same assumption that, in the

vicinity of resonance the total response was dominated by the mode whose natural frequency

was closest.“ Each of these methods are considered in turn.
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34.1 THE FIRST MODALMETHOD

Ifa system has reasonably separated modes, plotting the Frequency Response Function in a

Nyquist format will describe part ofa circle. From this information two important parameters

can be extracted. The derivation for these will not be included here but are presented

elsewhere.” These derivations come from the rate at which the locus sweeps around the

circular arc, known as the sweep rate. This sweep rate reaches a maximum value at the

natural frequency of oscillation for each mode and gives an estimate of the damping. To

determine the structural damping (7), required an empirical technique. Points were displayed

on a Nyquist plane to which a curve was best fitted by eye. This curve was extrapolated to-

complete a circle from which the modal information was then extracted.

3.4.2 THE SECOND MODAL METHOD

The exact expression for all levels of viscous damping (¢) can be developed by considering

two specific points on the circle:

(1) At a frequency w, above the natural frequency ofmode i.

(ii) At w, below as depicted in Figure 12 below.

Imaginary FIGURE 12 - Nyquist representation of the
Real modal circle.
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The properties of the modal circle are such that:

2

(1-(—) )

tan—2) = ———_+—_
2 O,2¢—

@,

and:

QO
2

((—=) -1)
a ®,tan(—) =

20—4

bGF 8
20, (ota) tata) )

With light damping, the above expression can be simplified to give :

(@,-@,)
Z,

= 2 >
8, 6,

a, (tan) *(tan—) )

If the two points 6, and 0, equal 90 degrees then (() can be obtained from:

i
(@,-0,)
20,
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Similar treatment of the receptance derives a similar expression from which the structural

damping (1) can be obtained:

3.4.3 THE PEAK AMPLITUDE METHOD

The simplest method for determining ¢ for the fundamental mode is the peak amplitude

method. ¢ can be calculated from the exponential decay of the peak amplitude in free

vibration. Since the displacement is dominated by the first mode, so too, will the damping

losses.“* The decay envelope is described by equation 15 below:

ae EoU 15

@ is the starting peak amplitude.

The damped frequency is related to the natural frequency by:

W) = oy 1-2?

and successive displacement peaks related by the equation:

a, ®,
log.—

= 2m¢— EQU 16
wnti 0

For lightly damped systems where:
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the damping ratio can be approximated to:

Oolo g
= nei

201

t Al FIGURE 13 - This is
y a typical damped

A2 oscillation where the
first and second
peak amplitudes (A1
and A2) are related

>t | by the generalYS equation EQU 16.

wo V

3.55 CALCULATION OF THE DISPLACEMENT OF A REED CANTILEVER

If the reed is considered as a cantilever, then beam theory can be used to determine

displacement. As a second order system, a cantilever obeys the following equation ofmotion:

M X¥+C K+K X = 0

The three terms generate forces resulting from acceleration, velocity and position, which

must equate to zero. M,C and K are the mass, the damping and the spring constants

respectively. For all second order systems the following can be defined:

K= =u?
M n

where w, is the natural frequency of oscillation and:
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the damping ratio.

Dividing through by the damping constant (X) gives:

MX CX+ +y¥ = 0
K K x

So:

£28
K

substituting for w,, gives:

K 2% 29
wo? @,n

and multiplying by w,” gives:

K + 20ax +02 = 0 EQU 17

For equation 17 to apply to a uniformly loaded cantilever % must be uncoupled from the

modal matrix and replaced with the principal coordinate (=):

2+27 2+0,*z
= 0

The principal coordinate will be different for each mode i and therefore must be calculated

for each mode separately.
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If external forces apply then:

2 FP
Z, + 22, + 0/2, = EQU 18

M,

where z, is a generalized displacement scalar for which the equations ofmotion have neither

inertial nor elastic coupling®’. The principal coordinate is not unique for any system but has

an infinite number ofvalues. By solving equation 18 for z at each new forcing condition (..e.,

each time interval) andmultiplying with the result of the characteristic function (equation 14)

for points x; along the reed, the deflectiony; at x; in each mode i can be calculated:

¥, (Xt) = Z, (t) .0, (x)

The total deflection is considered to be the modulation of all the harmonic modes onto the

fundamental modes:

v(x t) =o y, (xt) = do 2, (t).0,(0)
i=0

This is referred to as the superposition theorem. In practice only the first three values of z are

used since the other modes contribute less than 0.5% to the total. The damping factor ¢ and

the natural frequency ofvibration formode i (G);) are required for each mode and the forcing

function F/,, and the effective mass F,,, are required for each iterative step.
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4.1. GENERAL

In the past reed valvemodels have been developed without the benefit of real-time data and

as such, have only been evaluated under extremely stable operating conditions with minimal

cyclic instability. One of the objectives of this research was to advance the development of

reed valve modelling by considering conditions with unstable reed behaviour. Under such

conditions reed behaviour has the most detrimental effect on engine performance and yet is

least understood. The availability of real-time data made it possible to study such unstable

conditions. During this work a model was developed using current assumptions. Some

aspects, such as where real-time reed position data revealed error between the predicted and

actual lift position, were then investigated.

The computational model used in this investigation was based on the simple cantilever

approach described in the previous chapter. It generally followed the published work ofHinds

and Fleck**** carried out at QUB, but where real-time data errors revealed errors between

predicted and measured lift, the model was modified to account for these discrepancies. The

load on the reed and hence the forcing function was calculated from the differential pressure

across the reed and it's surface area. It was assumed that the pressure distribution was

constant along the reed which generated a uniform load. The differential pressure used was

the difference between the manifold pressures up- and downstream of the reed.

Prediction of the forcing function had been the subject of investigation by Hinds,” who

considered the reed surface to be divided into elemental strips and calculated the pressure
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acting on each strip by its position with respect to the boundary pressures. However, Fleck

et al.,” later found that equally good results could be achieved by using the simpler method

of considering the pressure that acted on the reed area to be the difference between the up-

and downstream pressures multiplied by a fractional constant.

4.22 THE SOFTWARE MODEL

A program was written using the /nitval Unit from the Borland Turbo-Pascal Numeric Tool

Box, as the central software algorithm to solve the second order differential equation of

motion (see equation 18 in the previous chapter), which was an initial value problem (see

Appendix 2 for code detail). This found z, the principle coordinate, which described the

motion of a cantilever beam. The solution was found using the fourth order, two-variable

Runge-Kutta formula. The reed was split into segments along its length. At each time step the

position of each segment was found for each of the first three modes. The tip lift was the

summation of all the incremental deflections along the reed, from all the relevant modes.

Calculating the three modes separately and then summing them (effectively modulating them

onto one another), is referred to as superposition. This nodal lift data was then written into

an output data file for subsequent use. This whole process was then repeated for the next

time step which was at an interval of 1.5 degrees of engine rotation. The solution of the

displacement of the reed tip for one engine cycle is a numerically intensive exercise and even

with a 50MHz 32 Bit processor it took several minutes.

In order to solve these equations, data was required about the physical parameters, the

geometry of the reed and reed stop, the density and Young's modulus of the reed material as
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well as the data to generate the forcing function, the pressure up- and downstream of the reed

and the time interval between each value.

The data was arranged by using two files, one for the parametric data and one for the input

pressure data. Once the parametric data was determined this then remained the same for a

series of predicted dynamic behaviours. For every new time step, a new force was defined

by the forcing function, and the final position of all nodes in the last time step formed the

initial conditions for the next time step. The free length i.e., the length of reed not in contact

with the reed stop, was re-calculated as the contact point changed with reed lift. This

necessitated the natural frequency of vibration to be re-calculated for each new free length.

The motion of the reed is dominated by the fundamental mode, with the first and second

harmonics contributing very little. The model from QUB used the first three only. Originally

in this model, the first four modes were calculated, but the results supported the practice of

using only the first three modes, since the fourth contributed less than 0.5%. Consequently

only the first three were included in this model. In the QUB model, the damping coefficients

were picked empirically to give the best correlation between the predicted and actual lift. To

gain a further insight into reed damping an experimental investigation of the damping

coefficients was undertaken, however, as will be explained later, it was still necessary to alter

the damping coefficient to optimise the model. The actual reed lift at all nodes along the reed

was limited by a pair ofboundary conditions. The maximum lift was controlled by the reed

stop and the minimum allowable value of lift was forced to be zero (the shut position). This

constrained the model to operate in a defined envelope of lift positions. The model was
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initially tested using simple mathematical functions as data sets. The reed was subjected to

pressure steps and ramps known from previous published work and earlier set-up tests to be

of typical magnitude. The model then predicted lift profiles which were not unreasonable (see

Figure 14 below ).
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When tested against data taken from other published work,” it was found that the model

over-predicted the reported reed lift and showed little correlation with the modulated detail.

Consequently, it was felt that an investigation of the model should be undertaken with

particular reference to the forcing function and damping coefficients. To enable this to be

carried out, reliable pressure and lift data was required from a reed operating in a pulsed flow.

To achieve this, the reed assembly was placed in the inlet manifold of a motored Ricardo E6

engine, which offered the following advantages over attempts to obtain good low noise data

in a firing two-stroke.

(1) With no carburettor, only one pressure measurement needed to be taken since

the reed valve could open directly to the atmosphere.

(ii) Being of a larger swept volume (approximately 500cc) than the engine for
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which the reed was intended, the Ricardo produced good reed lift across a

wide range of throttle positions and speeds, which generated significantly

different lift profiles.

(iii) Phase errors between the pressure on the reed and the measured pressure were

minimized not only by operating at lower speeds, but also because it was

possible to locate the pressure sensor close to the reed valve.

(iv) Ofmost benefit was the ease with which the reed could be made to resonate.

This provided the complicated real-time pressure and lift data required to

check the accuracy ofmodel's dynamic performance.

All the tests used the same standard Yamaha RD250 reed block and reed style. The reed stop

with its specially machined apertures was also used allowing optical access to the reed tip

from above the reed block and pressure measurements to be taken close to the reed as shown

in Plate 2 from Chapter 2 and Figure 15 overleaf. The reed block was located in a Perspex

manifold on which the optical position sensor was also mounted. This allowed for non-

intrusive access. Flexible mountings were used to isolate the pressure transducers from any

engine vibration.

Themotoring Ricardo produced good low noise pressure and reed lift data. From this it was

possible to draw fundamental conclusions about the model's performance for the first time.
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FIGURE 15 - Exploded assembly ofmanifold extensions showing the position of the sensors
and the detail of the flexible mountings.

The model exhibited two fundamental flaws; it over-predicted the magnitude of the lift and

demonstrated an over-damped response when compared to the measured lift profile. This is

illustrated in Figure 16 (overleaf).

56



” ‘ Predicted tip lift

Ti
p

lif
t
in

m
m

i

Angle indegreesafter BDC

FIGURE 16 - Predicted and measured reed lift from the model using the simple forcing function.

It was considered that the model could be improved upon, consequently aspects of its

performance were investigated and modifications implemented.

43. DEVELOPMENT OF THE FORCING FUNCTION AND DAMPING TERMS

Data from the real-time sensor suggested that the assumptions in the original model were the

probable cause of only a basic correlation between measured and predicted lift. When the

reed was closed it was assumed that little variation in pressure distribution existed, this

justified the assumption of a uniform load and the associated differential equations. At all

other times when there was flow through the valve, some distribution ofpressure inevitably

occurred. This was apparent when the up- and downstream pressures were considered to be

connected by a nozzle which was formed by the open reed valve. As it was necessary to

derive the forcing function from the up- and downstream pressures alone, a detailed
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understanding of the pressure distribution across the open reed at all lift positions was

necessary. This was difficult to obtain, so an empirical strategy was adopted to improve the

performance of the model.The variance demonstrated by the model resulted in the following

two proposals:

(1) To use an attenuator on the forcing function.

(ii) To investigate the damping parameters.

Initially a simple fractional attenuator was used to reduce the predicted magnitude. By

iterative trial and modifying, it was possible to make the peak magnitude the same as the

measured, but it also produced under-prediction at low levels of reed lift as can be seen in

Figure 17 overleaf. On reflection, it was felt that this under-prediction came from the

assumptions made in obtaining the forcing function. The forcing function format was the

same whether the reed was closed or fully open. This assumption was too crude to give a

good correlation in highly resonant conditions, and was consequently amended.
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FIGURE 17 - Measured and predicted lift with model forcing function modified with a scalar to
give similar peak lifts.
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When the reed was closed, the force on the reed was defined by the pressure difference

between the measured up- and downstream pressures multiplied by the area of the reed. With

no flow, the pressure distribution would be sufficiently constant to make this initial

assumption useful. With the reed fully open, the two pressure measurements would have had

a pressure gradient associated with them which passes through the throat of the reed valve.

There wasa significant pressure distribution across the reed and the forcing function could

not be defined from the pressure difference alone. It was decided to attenuate the full pressure

difference by an amount to be empirically determined. Instead of the fixed attenuator, the

forcing function was adjusted so that the degree of attenuation was proportional to the reed

lift. This took the form of: j - lift,
k

where j and k controlled the rate and extent of attenuation with lift. This modification

improved the model so that it was optimised for one data set (see Figure 18 below).
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FIGURE 18 - Measured and predicted lift with forcing function modified to include a lift

dependent term.
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The final forcing function used was:

15 - tip lift(P -P ore) *
isup down

~P ) x Reed effective area

This assumption was based on the premise that with no, or very small openings, the low flow

velocity induced negligible static pressure drop along the length of the reed and that any

pressure drop occurred in turbulence and eddying through the small openings. Consequently

the upstream pressure acted over almost all of the reed’s surface. In contrast when the reed

is wide open there are high flow velocities through the valve and a corresponding high static

pressure drop along and across the reed. Under these conditions the pressure difference was

multiplied by a fractional scalar, consistent with previous work from QUB.* It was assumed

that the scalar varied in some way between these two limits, the simplest ofwhich was in a

linear fashion, where it was at a maximum when fully open (highest velocity) and unity when

closed. Iterative trial and testing gave best results when the maximum attenuation was set to

1/3 at a peak tip lift of 10mm.

It was still evident that the model had fundamental problems, since the opening ramp

exhibited variance from the measured lift. From close inspection of the opening point, it was

apparent that although highly sensitive to small forcing pressures, the measured lift profile

displayed a lag in its opening point and therefore in its subsequent opening ramp. This was

found to be caused by a pre-load on the reed which meant that some forcing pressure was

required to offset this before lift occurred. To get the model to simulate this, an offset was
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added to the data set to balance this pre-load which was determined by inspection of the

measured pressure and lift data. With yet more adjustment of the forcing function, a good

correlation on the opening ramp was achieved (see Figure 19 below).
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FIGURE 19 - Measured and predicted lift using forcing function with lift term included and pre-
load offset error correction.

The remaining anomaly was the characteristic over-damping displayed by the model. The

damping coefficients originally used were those used by Hinds*? who had chosen them by

inspection. As a result ofbench top tests it was decided that some adjustment was required.

The model was extremely sensitive to the damping coefficient and this became more apparent

since the lift profile being modelled showed significant resonant behaviour during the open

period. The damping factor of 0.5 used by QUB was considered too high and a change in

value to 0.35 allowed the model to function in a satisfactory manner as seen in Figure 20

overleaf.
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FIGURE 20 - Measured and predicted liftwith forcing function modified to include lift dependent
term, pre-load offset error correction and a suitable damping factor.

4.4 MODEL EVALUATION

The reed model was developed and optimised using one standard data set which exhibited

several characteristics of interest. Since the modelled lift profile was compared with that

measured by the new position sensor, an opportunity to make fine adjustments to the model

and to gain an insight into the way in which changes in the input parameters affected it's

behaviour, was possible. To check the model's general performance with different data sets,

experiments were carried out to evaluate it's optimisation. The engine was motored under

various throttle and load conditions which were designed to stimulate a wide range of

dynamic behaviours from the reed. The reed tip lift was measured in real-time along with the

pressure across the reed. The pressure data was used to predict the dynamic behaviour of the

reed, and this was compared to the actual lift data to assess the performance of the model.
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44.1 DATASET I, 1200 REV/MIN FULL THROTTLE

This data set was the development data set. Its peak lift was 6.5mm, so the tip lift was only

constrained by the fluid-dynamic balance between the flow through the reed and its own

spring stiffness (ideal for comparative purposes). The profile showed dynamic behaviour

resulting from the effect ofmanifold resonance on the lift. Accuracy was important since this

was the first time that real-time data of this quality was available to compare actual and

modelled lift. The results of the comparison between the measured and predicted data showed

excellent correlation with the opening ramp, peak lift and the valve open interval. The valve

closing point was within 10 degrees and the model tracked the closing ramp, although it

showed a tendency to oscillate about it (see Figure 21 below and overleaf). A phase error

existed between the real and predicted lift which was investigated extensively.
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FIGURE 21 - Data set I. 1200 rev/min and full throttle. Measured and predicted lift (previous page)
and forcing pressure (above).

It was not possible to correct this error by modification to either the time errors in the data

set between actual and measured, the damping factor, the physical properties of the reed

valve, or the effects of the reed stop. It was probable that this was caused by the general

assumptions in the model. Having achieved this otherwise encouraging correlation between

measured and predicted profiles, a series of different data sets were modelled without any

changes being made to the software itself.

4.4.2 DATA SET II. 1400 REV/MIN 1/4 THROTTLE

This set ofdata showed an opening point error of about 5 degrees, an overshoot on peak lift

of some 0.6mm and an error in closing point of 10 degrees. It predicted the number ofpeaks,

but as the model included no algorithm to take account of rebound, it did not predict the reed

bounce against the stop whilst settling. It did not overshoot all of the peaks in the profile,
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under-predicting the first and the fourth peaks by approx 1mm in each case. It appeared that

the forcing function would have worked better if it had attenuated low lift to a lesser amount

and medium lift more (see Figure 22 below ).
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FIGURE 22 - Data set ff. 1400 rev/min and 1/4 throttle. Measured and predicted lift and forcing
pressure.
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4.43 DATASET If, 1300 REV/MIN FULL THROTTLE

This set predicted the general lift envelope particularly well. The opening ramp showed

extremely close correlation and the closing ramp tracked without oscillation, although it did

exhibit phase advance of about 5 degrees (see Figure 23 below ).
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FIGURE 23 - Data set Ill. 1300 rev/min full throttle. Measured and predicted lift and forcing
pressure.

66



The closing point showed an error of some 25 degrees, most ofwhich occurred when the lift

was under Imm. The measured lift was shown to just close as the rising pressure bisects the

axis. Although 3 peaks were clearly predicted, the peak to trough amplitude was clearly

under-predicted; interestingly, the pressure trace did not show the excursions that would

normally be associated with such resonance (as in data set v).

44.4 DATA SET IV. 1300 REV/MIN 1/2 TITLE

This set also showed good general correlation but exhibited errors similar to earlier modelled

profiles. Both the opening and closing ramps were closely matched until 1mm from closing,

when the predicted lift departed from the real path and closed 22 degrees early. The three

peaks were predicted but the first was under-predicted and the other two over-predicted by

about Imm. The persistent error in the phase shift during the resonant portion of the profile

was still evident (see Figure 24 below and overleaf).
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FIGURE 24- Data set IV. 1300 rev/min at 1/2 throttle. Measured and predicted lift (previous page)
and forcing pressure (above).

445 DATASET V. 1300 REV 1/4 THROTTLE

With a long period of gentle induction, the inlet manifold and the reed resonated strongly

producing a significantly different looking lift profile. The model generated a close prediction

of the lift profile. Four resonant peaks were predicted with maximum lift occurring on the

third peak with an error of 0.1mm. The opening ramp showed excellent correlation but

overshot by 0.6mm, and the closing ramp tracked well, but with a phase lead of 15 degrees

characteristic of the model. Again, the absence of a rebound model meant that the model data

implied a closed valve, but the measured lift clearly showed that there were three bounces on

the stop. The first rebound being strong enough to cause the reed to lift by almost 2mm (see

Figure 25 overleaf).
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FIGURE 285 - Data set V. 1300 rev/min at 1/4 throttle. Measured and predicted lift showing the
effects of various damping factors, and forcing pressure.
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This modelled profile showed a way for future development as the two errors evident

manifested themselves at the same time. It appeared that the under-prediction of the first peak

caused an early downturn in the modelled lift and the phase shift, which remained constant

throughout the rest of the data. It was likely that this would be a key area for future

consideration.
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5.1 GENERAL

To allow the experimental set-up to remain undisturbed, several standard items of

laboratory equipment were replaced with dedicated equipment designed and built during

this program ofwork. These included two power supplies and a two-channel strain gauge

amplifier for use with the silicon bridge pressure transducers. Details of these designs and

their circuit diagrams can be found in Appendix 3.

The experiments other than those to develop the model were categorized into two groups,

those which concentrated on the physical properties ofthe reeds and were defined as ‘bench

top' experiments and those that studied the behaviour of the reeds in the firing engine.

5.2. TEST FACILITIES FOR THE BENCH TOP TESTS

When supported as cantilevers, reeds have natural frequencies ofoscillation at which they

can be stimulated to resonate. Using the real-time sensor, it was possible to measure both

the resonant frequency and the frequency response to input stimuli. Under these

experimental conditions the sensor could resolve displacement to less than 0.01mm. The

samples were stimulated by a swept frequency, generated and amplified by a

Environmental Equipment signal source (type 1531) and converted into a mechanical input

by an Environmental Equipment shaker (type 1501). The actual mechanical input was

measured by an accelerometer and the reed motion was measured by the position sensor.

These two signals were input into an Ono-Sokki CF350 Fourier Function Transformer

(FFT) which was able to determine the frequency response of the system.
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Damping data was obtained using three modal techniques, one ofwhich did not require

specialized hardware. This third technique analysed the damping through the decay of free

vibration. The reed was clamped as a cantilever and released from a deflected position. As

the reed oscillated the magnitude of successive cycles described an envelope of exponential

decay. The position of the reed was measured by the new sensor and this data was recorded

by the data acquisition system. The reed motion was characterised by both the damping

ratio and the natural frequency of oscillation. The rate of decay was a function of the

damping and was calculated from the decay between successive peaks. The direct

measurement of the fundamental frequencies of free vibration was also possible and was

more accurate than calculation from shape, density and Young's modulus.

To determine Young's modulus a reed sample was prepared anda strain gauge attached to

it. The sample was loaded and the strain and elongation measured. This was repeated for

several loads, and from this data, Young's modulus was calculated.

5.3 TEST FACILITIES FOR THE ENGINE TEST BED

The experiments on reed valves under firing conditions in real-time were carried out on a

hybrid Yamaha RD250 engine with the standard Yamaha RD250 reed block using several

different reed styles. A special reed stop was machined with apertures cut in it which

allowed optical access to the reed tip from above the reed block and also allowed pressure

measurements to be taken close to the reed. These can be seen in Figure 26 overleaf.
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FIGURE 26 - Reed block, machined reed stop and 3 reed styles.

The engine was ofRD250E origin, but was modified by removing one of the piston/conrod

assemblies. This was replaced with a bob-weight which allowed it to be converted into a

single cylinder 125cc engine. This minimized the complexity of the firing engine and

reduced fuel consumption, exhaust gases, heat release and noise. The original air cooled

barrels were replaced for convenience with a more modern water cooled variant from a

RD250LC, which allowed the use of a water circuit for pre-heating before, and cooling

during, the tests. The last major modification included the use of the Perspex reed valve

housing as described earlier. Whilst it was recognised that this housing altered the

characteristics of the engine, it simplified the test set-up by making the reed block easily

accessible without requiring any modification to the cylinder barrels.
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This was further justified since the program of work was primarily interested in the

function of the reeds, rather than the specific performance and characteristics of the engine

being used. The engine was run on a pre-mixed fuel of four-star petrol and mineral

lubricant at a 32:1 ratio. The engine was connected via its conventional chain output drive

to a Heenan & Froude DPX2 150 hp water brake, with a total loss cooling system. Other

instrumentation connected to the engine included a Gaebridge shaft encoder (Type

120m/60/23/5-n/10-27), the newly developed position sensor, plus two silicon bridge

pressure transducers (Radio Spares Type 256-720). The shaft encoder provided two

outputs, one at 3 degree intervals and one every revolution; these were used indirectly to

trigger and clock the Microlink A/D. The shaft encoder was joined to the crank by

anti-backlash coupling. The position sensor was mounted onto the manifold directly above

the reeds and focused on the right hand reed tip. The pressure sensors were placed

upstream and downstream of the reed valve.

To record data from these sensors, the Microlink high speed data acquisition system was

connected to, and controlled by an IBM PC micro computer. The Microlink had two

Analogue/Digital (A/D) inputs and could run at conversion speeds of up to 100KHz. Data

was converted into a 12 Bit digital format giving a maximum resolution of 1/4096 of full

scale deflection. To store data during testing, the Microlink had 64K ofRAM. Conversion

started after an internal or external trigger and continued with subsequent internal or

external clocking. These clock signals were generated by the position encoder. The

captured data was held resident in the Microlink and was then transferred using an IEEE

protocol via the serial port to the memory in the PC, where it was stored in ASCL format.
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To fully integrate all the instrumentation, dedicated equipment including an

Instrumentation Enhancement Unit (IEU), amplifiers and power supplies were designed

and constructed.

Other non-dedicated equipment used included a Farnell DTS12P digital storage

oscilloscope for on-line signal monitoring, a Nippon Seiki tachometer, a Farnell LFP1

signal generator for fixed period clocking of the Microlink, a Helios 5001 stroboscope and

Panasonic M10 video camera for pseudo-real-time position recording. A test bed schematic

is shown in Figure 27 below.

Experimental Test Bed Schematic Diagram
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Brake Dyno.
Microlink
IBM PC
1.E.U
Shaft Encoder
Frequency Multiplier
instrumentation Amp.
Pressure Sensor
Instrumentation Amp.
Pressure Sensor
Monuol Trigger
Reed Valve
Reed Position Sensor
Fuel Tank
Corburetfor
Heat Exchanger
Water Pump
Speed Sensor
Load Sensor
Water Supply
Woter Drain
Air Supply
Exhoust

FIGURE 27 - Test bed and instrumentation schematic.

76



53.1 INSTRUMENTATION ENHANCEMENT TE

The various instruments had performance parameters that did not allow optimal system

compatibility. For example, the maximum clock speed that the Microlink could run at was

100kHz, yet the shaft encoder could only generate a maximum frequency of 20kHz at

10000 rev/min. The IEU was a dedicated design intended to manipulate and enhance the

various specifications to produce optimised system performance.

There were three main design objectives:

(1) To increase data resolution using a phase locked frequency multiplier to

speed up the sampling time without losing synchronization to the crank

position.

(ii) To increase the sample frequency to allow multiplexing through a single

data input.

(iii) To use the Top Dead Centre (TDC) pulse to trigger and sequence data

acquisition.

Using the shaft encoder to directly control the data acquisition limited the sample

frequency to 20kHz. To make use of the higher speed capability of the A/D, and thereby

increase the data resolution, the fundamental frequency was multiplied using a phase

locked loop with a divide by 4 counter in the feedback path. Being a dynamic frequency

multiplier it was able to track the shift in frequency as the speed of the engine changed.

This design provided data sampling at 3/4 degree intervals. A full circuit diagram can be

seen in Appendix 3.
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A limitation of the Microlink data acquisition system was that it only had two high speed

data inputs. It was desirable to measure reed tip position and both the upstream and

downstream pressures simultaneously. This was achieved by the inclusion of a two-channel

multiplexer in the IEU, enabling the reed tip position to be measured every 3/4 degree

whilst the pressures were sampled alternately. Each pressure was sampled every 1.5

degrees. This did not compromise the data resolution as analysis of the pressure data

sampled at 0.75 degrees did not reveal any information that interpolation of the slower data

speed could not provide. This was not a surprise since the sample speed was 240 times that

of the fundamental pumping frequency (the speed of the engine) and was therefore fast

enough to measure even the fastest reflections and transients.

The third function of the IEU was to provide a manual trigger for the acquisition system

and to ensure that the two multiplexed signals were sampled in the same order after

triggering. This was essential since the data manipulation software required a consistent

file format to the data array. The hardware in the IEU reset the system prior to triggering,

and forced the multiplexed channel (a) to be present at the data port during the first sample.

The clock pulses that enabled the first and subsequent samples then toggled the

multiplexed input between the two channels after a delay of 10°s. A full circuit diagram

can again be found in Appendix 3.
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5.4 EXPERIMENTAL SOFTWARE PROCEDURES

Several software routines were written and used to manipulate and process the sampled

data as well as proprietary applications. Their purpose and function is described here.

5.4.1 DE-MULTIPLEXING SOFTWARE

Each raw data file from the Microlink was stored as a single column array. The first and

every other location contained reed lift data and intermediate locations contained the

pressure data. The pressure data was multiplexed between the upstream and downstream

pressures. Data was captured in parallel so the data existed in pairs with respect to time.

The primary function of this software was to de-multiplex and sort the data into its

component data sets. The data was imported in a block of 960 rows which represented 360

degrees of engine rotation, sampled every 3/4 degree on two channels. This file contained

data whose magnitude was expressed as a decimal number between 0 and 4096, where 0

and 4096 represented signals between -5V and +5V respectively.

§.4.22 LINEARISATION AND CALIBRATION OF REEDT ION DATA

This software operated on sorted data and generated an output file which held the data in

terms of the relevant measurement units. The reed lift data had to be linearised and scaled

before being stored in mm. This was achieved through interpolation between data points

from a look-up table which was obtained through the experimental calibration procedure

described earlier in Chapter 2. The interpolation routine used was standard Pascal code

from the Borland Numeric Tool Box. The block ofdata was written into an output file and

subsequently used by the subroutines for any ofthe desired analyses. The pressure data was

operated on by a simple scalar to convert the data into mBar units.
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Other digital processing that improved the data and avoided noise from corrupting

subsequent data, was spike removal. This was achieved by setting amaximum allowable

slope in the signal which, if exceeded, was replaced with interpolated information.

5.43 P D RENCE

This subroutine subtracted the upstream pressure from the downstream pressure and wrote

this pressure difference, reed lift and crank angle into a data file. This was of interest as it

was the pressure difference that generated the force on the reed.

5.4.4 IN-LINE GRAPHI

It was an advantage to be able to ensure that as each data set was taken, the captured data

had not been corrupted in any way. It was easy to repeat tests during a test phase and

maintain the same operating conditions, but not easy to repeat on another occasion. The

previous subroutines were drawn together into a program with graphical output, so that

each data set could be quickly inspected during the test phase. As the output data sets were

being saved, they were displayed on screen, a block at a time, in a magnitude against crank

angle format.
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5.55 SUMMARY OF EXPERIMENTS

5.5.1 BENCH TOP EXPERIMENT

Bench top tests were undertaken to provide empirical data for comparison with that which

was calculated in the model. These included the following:

(i) Determination of the natural frequency for four reed samples at their

fundamental and first harmonic frequencies.

(ii) An investigation ofdamping using a modal technique.

(iii) An investigation of damping by analysis of the damped decay of free

vibration.

(iv) Experimental determination of Young's modulus for the standard steel reed.

5.5.2 REED TESTS IN THE FIRING ENGINE

Tests on the firing engine were undertaken to both demonstrate the versatility of the new

sensor and to compare the performance of different reeds. The reeds used were a

proprietary tapered anda standard steel reed, a proprietary composite and a laminated

fibreglass reed.

The tests were conducted at the same speed and load or at the same speed and throttle

settings. Each test was repeated at a series ofdifferent speeds to obtain a range of different

data sets for each reed type. In each test, the lift profile was measured so that observations

and comparisons could be made.
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These experiments were split into four groups, designed to study reed behaviour under the

following conditions.

(i) Performance investigation of four different reed types at low speed.

(ii) Comparison between the performance of the ‘best’ and ‘worst’ reeds at

medium speed and at medium power.

(iii) A study ofthe cyclic variation of a composite reed, first at part throttle and

then at peak power.

(iv) Comparison of the best steel and the best composite reeds at peak power.

82



CHAPTER 6 - RESULTS AND DISCUSSION OF EXPERIMENTAL

6.1

6.2

6.1.1

6.1.2

6.1.3

6.1.4

6.2.1

6.2.2

6.2.3

6.2.4

DATA

The physical properties of reeds

Natural frequency of free vibration

of four reed samples

Modal damping of the standard steel reed

Viscous damping during free vibration

Determination of Young's modulus for

the standard steel reed

Experimental comparisons of four different reed types

in a firing engine

GroupI - four reed types at 5000 rev/min with full load

(tests 1-4)

Group II - standard steel and proprietary composite reeds

at 6000 and 7000 rev/min (tests 5-8)

Group III - cyclic stability at 9000 rev/min

(tests 9 and 10)

Group IV - proprietary composite and tapered steel reeds

at 9000 rev/min (tests 11 and 12)

83

Page

84

84

86

86

87

88

89

92

95

99



6.1 PHYSICAL PROPERTIES OF REEDS

Bench top tests were carried out to obtain parametric data about the reeds used in the

experimental work. All the reed types were investigated to obtain natural frequency of

vibration data, which was then used to compare with their subsequent performance in the

firing engine. The standard steel reed was also investigated for its damping ratio for

comparison with that used in the model.

PLATE4 - Four reed types: tapered steel (top left); standard steel (top right); fibreglass (bottom
left) and proprietary composite (bottom right) .

61.1 NATURAL FRE NCY OF FREE VIBRATION OF F REED SAMPLE

The position sensor developed during this study was coupled to a Fourier Function

Transformer and used to investigate the frequency response function of four different reed
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types. The frequency response for the standard steel reed is displayed graphically in Figure

28 below and the data for the other reed types is illustrated in Appendix 4. Table 1

summarises the parametric data for all the reed types. This data was subsequently used to

determine the natural frequency of vibration for the first and second modes for each reed.

TABLE 1. First and second mode frequencies of four reed types.

REED TYPE MODE 1 MODE 2 MASS (g)
Standard Steel 120 Hz 742 Hz 2.7

Tapered Steel 138 Hz 885 Hz 3.1

Prop. Composite. 154 Hz 960 Hz 1.7

Fibreglass 183Hz 1140 Hz 2.1

37 Second mode at 742 Hz
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FIGURE 28 - Frequency response of the standard steel reed.

85



6.1.2 MODAL DAMPING OF THE STANDARD STEEL REED

With further dedicated processing of the standard steel reed data (using ICATS software),

it was possible to determine the structural damping for the first resonant mode. The theory

for this modal analysis is presented in Chapter 3. ICATS is an interactive program which

required the user to select the points in the complex plane, through which a curve was then

best fitted. An indication of the accuracy was provided by considering two check parameters,

these were the variation in the radius and the damping plane. The good signal to noise

performance of the position sensor allowed radial variation to be less than 2.5% and

damping variation to be better than 5%. For the standard steel reed, the structural damping

ratio was calculated to be 0.8759%. This data can be seen in Figure 29 below.

FIGURE 29 - Screen capture from ICATS
software showinga fitted curve to the
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6.1.3 VISCOUS DAMPING DURING FREE VIBRATION

The shape of the decay envelope of a cantilever during free vibration is exponential and the

rate of decay is controlled by the amount of damping. In this case, the total damping is

considered to be dominated by the viscous damping. To increase the accuracy of the

experiment, the decay between subsequent cycles was determined by the average of 95

successive cycles.
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The following data shows the decay envelope from which the damping was determined

(Figure 30 below). From this data the viscous damping ratio in still air was calculated as

0.386%.

Al=105
100 +7

ao 4

60 J
Ag4=11

3 \
=
5

Hi

5
&

Sample frequency= 5KHz

Natural frequency =117.6Hz

Average decayper cycle = root94 of 11/105

0.976

FIGURE 30 - Damped free vibration of the standard steel reed.

6,1.4 DETE INATI FY ‘S
MOD FOR TAND. TEEL ED

The purpose ofdetermining Young's modulus for the standard steel reed by experimentation,

was to provide an accurate value to use in the reed model. A sample of the material was cut

to the required dimensions and then prepared for testing by bondinga strain gauge to it (see

Plate 5 overleaf). The sample was progressively loaded and the strain measured. Young's

modulus was found to be 226 GNM”.
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PLATE5 - Strain gauge bonded to a sample of standard steel reed valve material.

6.2 EXPERIMENTAL COMPARISONS OF FOURDIFFERENT REED TYPES

IN A FIRING ENGINE

The tests compared the dynamic behaviour of the different reeds subjected to the same

operating conditions in a firing engine. These experiments were repeated using a range of

stable and unstable conditions with both high and low load. In each test, the lift profile was

measured so that observations and comparisons could be made. These experiments were split

into four groups designed to study reed behaviour under the following conditions:

(i) GroupI - four reed types at 5000 rev/min with full load (tests 1-4).

(ii) Group II - standard steel and proprietary composite reeds at 6000 and 7000

rev/min (tests 5-8). :

(iii) Group III - cyclic stability at 9000 rev/min (tests 9 and 10).

(iv) Group IV -proprietary composite and tapered steel reeds at 9000 rev/min

(tests 11 and 12).
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6.2.1 ROUPI-F REED TYPES AT 5000 REV/MINWITH FULL LOAD (TESTS 1-4).

For this set of tests the engine was run at full throttle on the hydraulic dynanometer. Tests

were run consecutively, with the reed type being changed between tests. For these four reeds

the brake power varied from 5.2-6.7 kW. Although similar, the lift profiles reflected these

differences. The poorest performance was given by the standard steel reed (test 1; Figure 31).

It had the lowest natural frequency and was one of the heaviest of all the reeds, consequently

it was sluggish to open (93 degrees Before Top Dead Centre {BTDC}) and close (80 degrees

After Top Dead Centre {ATDC}). Although this reed attained reasonable lift of 7.1mm, this

was achieved late in the cycle at 12 degrees ATDC and there may have been significant

inflow. The slow closure shown, allowed the possibility of reverse flow and it was not

surprising that the performance of this reed could be improved.

Peak litt is 7.1mmat 12 deg. ATDC
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Argie in degrees after BDC.

FIGURE 31 - (Test 1} Standard steel reed at 5100 rev/min, 5.2kW foad and full throttle.
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The tests involving the tapered steel and fibreglass reeds (tests 2 and 3) were interesting to

compare, not only to each other but also with the other reed types, since they both generated

the same performance but in different ways. The reed used in test 2 was the tapered steel

reed design, which alloweda ‘rising rate' spring stiffness with lift. This gave an early opening

point at 128 degrees BTDC and a characteristic triangulated lift profile which peaked at

7.0mm, at 16 degrees BTDC. It closed at 60 degrees ATDC, with some evidence of

secondary opening. In contrast, the same performance was achieved by the conventional

fibreglass reed in the third test which performed better than the reed in test 1, since both

opening and closing occurred 10 degrees earlier and tip lift peaked at 6.3mm and 6 degrees

BTDC (see Figures 32 below and 33 overleaf).
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FIGURE 32 - (Test 2) Tapered steel reed at 5000 rev/min, 5.8kW load and full throttle.
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FIGURE 33 - (Test 3) Fibreglass reed at 5000 rev/min, 5.8kW load and full throttle.

Test 4 used a proprietary composite reed which performed well, giving early opening and

the highest peak lift of 7.3mm, at 3 degrees ATDC. The closing point which, although late

at 82 degrees ATDC, had the steepest closing rate exhibited by any of the four samples. This

reed allowed the engine to generate 6.7 kW.

Information provided by the lift sensor in all of the tests supported the belief that lighter

composite reeds with higher stiffness to weight ratios generally had dynamic behaviour

which could out perform conventional spring steel reeds. It was interesting to observe that

the change in physical shape of the reed to include tapering at its root, also had an advantage,

showing how both materials and design can improve performance (Figure 34 overleaf).
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FIGURE 34 - (Test 4) Proprietary composite reed at 5000 rev/min, 6.7kW load and full throttle

6.2.2 GROUP IL-STANDARD STEEL AND PROPRIETARY COMPOSITE REEDS AT 6000 AND

7000 REV, ESTS 5-8).

The best and worst performing reeds (the proprietary composite and standard steel reed

respectively) were used in the next tests and were run at a similar speed and load, with the

throttle adjusted accordingly. Tests were carried out at 9 kW brake power and at 6000 and

7000 rev/min. Tests 5 and 6 clearly showed the causes for the difference in performance

between the two reeds. The composite reed produced 11% more power but with less lift and

a reduced opening period. The most significant difference was the delay in closing. Here the

superiormass to stiffness ratio (higher frequency ofnatural vibration) allowed the composite

teed to close 19 degrees before the standard reed. It was probable that this resulted in less

reverse flow, and consequently, less throttle was necessary. Such conditions resulted in the

reed opening point being later by 5 degrees and the peak tip lift being marginally less by
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0.5mm. In other respects the lift profiles were similar, both opening ramps followed the

same general shape with similar rates of change (see Figures 35 and 36 below).

8+ Peak tip liftis 7.8mm at 18 deg. ATDC
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FIGURE 35 - (Test 5) Standard steel reed at 6000 rev/min, 9kW load and part throttle.
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FIGURE 36 - (Test 6) Proprietary composite reed at 6000 rev/min, 10.0kW load and part throttle.
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Tests 7 & 8 used the same reeds and conditions as used in tests 5 & 6, but at 1000 rev/min

faster. The throttle settings were lower than in the previous tests, since the engine began to

approach its power band and it was not possible to compare these tests directly, but it was

interesting to note that although the composite reed allowed more power to be developed,

both reeds opened at approximately the same time. The composite reed closed earlier by 13

degrees from a peak lift 0.4mm higher. The composite reed opened faster and achieved peak

lift 18 degrees earlier than the steel reed. It is possible that this could be attributed to slightly

more throttle, but the faster response of the composite reed was likely to have been the

dominant factor (see Figures 37 below and 38 overleaf). All the part throttle data sets exhibit

less stable and more ragged lift profiles than those at full throttle. Two-stroke engines are

notoriously unstable at speeds approaching the power band, where there is a high degree of

cyclic instability. This was shown clearly in these data sets by the high degree ofmodulation

evident on the lift profiles. This was investigated further in tests 9 and 10.
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FIGURE 37 - (Test 7) Proprietary composite reed at 7000 rev/min, 10.6kW load and part throttle.
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FIGURE 38 - (Test 8) Standard steel! reed at 7000 rev/min, 9.4 kW load and part throttle.

6.2. R I - CYCLIC STABILITY AT 9000 REV, STS 9 AND 10

Real-time data is invaluable for studies of cyclic variation, and the development of the

position sensor made this particular study possible. Only a small amount ofwork has been

published to date about the cyclic variations of reed valve motion in two-stroke engines or

reed motion during unstable operating conditions. Tests 9 and 10 demonstrated the power

of the sensor by providing real-time data sets whilst the engine ran at part throttle at the start

of its power band, also whilst the engine ran at 3/4 throttle at peak power. This reflected a

small change in engine speed but resulted in a change from an unstable to a stable engine

regime with an associated power increase of 70%. Test 9 (Figures 39, 40 and 41) displayed

data from seven consecutive cycles which showed a high degree of cyclic stability. From the

test, the peak lift was shown to change by only 0.3 mm (Figure 39 overleaf), and where the
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first five full cycles were superimposed, the opening point was seen to change from limit to

limit by only 12 degrees and the closing point by approximately 8 degrees (Figure 40 below).
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FIGURE 39 - (Test 9) Five consecutive cycles at 9000 rev/min and 19.6 kW load.
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FIGURE 40 - (Test 9) Five superimposed cycles.
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FIGURE 41 - (Test 9) Noise investigation showing actual and filtered reed lift, together with the
difference signal.

In contrast, test 10 (Figure 42 overleaf) demonstrated a high degree of cyclic variation with

the tip lift changing by 1.5mm, causing very different tip lift profiles. A similar deviation in

opening and closing points was also evident, with the opening point showing a 50% change

in the worst instances.

The tip lift profile around peak lift can be seen to be ragged, this was likely to have resulted

from the optical noise created by the excess fuel spray that exist and arose from poor

carburation during these operating conditions.

Having considered the differences between tests 9 and 10 it was useful to return to the test

9 data set and consider the data in terms of the performance of the sensor, since it provided

an empirical indication ofdata confidence.
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FIGURE 42 - (Test 10) Six consecutive cycles of the proprietary composite reed at 7000 rev/min
and 11.7 kW at part throttle.

The five cycles in test 9 (Figure 40) showed three things clearly. Firstly, that there were five

distinctly different tip excursions which have several very similar general features - (the

opening and closing point, the opening and closing ramp and the path near peak lift).

Secondly, that all the traces had some noise modulated on them, and thirdly that there was

one trace that exhibited data corruption between 140 and 170 degrees from BDC.

Test 9 (Figure 41) evaluated the noise by plotting the raw data froma single cycle alongside

data which had been processed by a ten point floating average. This was a method of

defining a path in terms of a simple position time algorithm, which considered every point

in the context of its past and future known positions, as well as its current measured position.

A reed valve with known inertia and subjected to maximum known forces, could only
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deviate from its current position by a finite amount. We could define the extent of the noise

by the deviation of the data from this theoretical profile. The raw data and best fit, formed

two almost indistinguishable traces in Figure 41, but the third trace displayed the noise in

terms of the difference between the two. The peak difference was 0.08mm with the majority

existing inside the 0.05mm limits. This suggested that confidence in the data integrity to be

within 0.1mm.

Data integrity could be lost through corruption as well as through noise. Test 9 (Figure 40)

shows one cycle where just such a corruption occurred. The profile showsa ‘bite’ taken out

of it, with the path deviating for approximately 30 degrees before returning to the

uncorrupted path. The sensor required the optical medium to remain constant (as explained

in the chapter on sensor design), In a firing engine this required a homogenous fuel/air

mixture. It was possible that in this case a fuel droplet was responsible for such a corruption.

As such corruption was apparent these data sets could be studied further, ignored or ‘repaired’

with subsequent data processing.

62.4 GR IV_- PROPRIETARY ITE AND TAPERED STEEL REEDS AT 9000

REV/MIN (TESTS 11 AND 12)

Tests 11 and 12 (Figures 43 and 44 respectively) were data sets taken at full power and at

almost the same speed (2% power difference). In many respects the key features of the lift

profiles were identical, the peak lift and closing point were exactly the same whilst the

opening point of the tapered steel reed was 10 degrees later than that of the composite reed.

The feature of interest was the phasing of the profiles. The composite reed showed an almost
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symmetrical profile about TDC, whilst the steel reed retained some asymmetry. At the limit

of it's performance a reed valve's asymmetric timing collapses as it begins to follow the

symmetrical nature of the piston port behind which it is situated.
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FIGURE 43 - (Test 11) Tapered steel reed at 8400 rev/min with 23.6kW load.

Test 12 (Figure 44 overleaf) suggests that this was happening in the composite reed, whilst

the tapered steel reed could probably operate at a higher speeds. Both lift profiles show signs

of tip flutter at peak lift.
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FIGURE 44 - (Test 12) Proprietary composite reed at 8500 rev/min with 24.3kW load.
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7.1 CONCLUSION

The sensor development successfully produced a cheap high resolution device with a

bandwidth of2SkHz able to resolve reed displacement to 0.01 of a millimetre. The sensor

could have a production cost of less than £10. Evaluation showed that this sensor provided

real-time data which would allow studies of the unstable aspects of reed behaviour to be

investigated in detail for the first time. The new sensor enabled basic performance

comparisons to be made under various operating conditions and with different reed designs.

Four different reed samples were analysed and their dynamic behaviour correlated to their

design or composition. The results confirmed that reeds with higher natural frequencies work

better at high speed and that lighter composite reeds perform better than the spring steel type,

whilst a tapered design with its natural rising rate stiffness, performed better than the

conventional parallel-design. The improvements resulted from better reed response allowing

more flow into the engine and/or reducing outflow. The data also demonstrated that at the

limit ofhigh speed performance, the reed dynamics followed the symmetrical nature of the

piston port and revealed the errors in stroboscopic reconstruction data showing ‘jitter’ in the

dynamic behaviour. In contrast, the real-time data measured the continuous response which

occurred in this low frequency inertial system.

The validation of this data gave a high degree of confidence in the analysis of the noise and

cyclic variation. The noise existed as high frequencymodulation on the position data whereas

in contrast, the cyclic variation was evident as a shift from cycle to cycle with a variation that

was an order ofmagnitude greater than that of the noise. The new sensor allowed for fast
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parametric testing of the reeds and was able to provide data from which the resonant

frequencies and the associatedmodal damping factors could be determined. The frequencies

had previously been calculated from the reed's dimensions, density and Young's modulus.

This was a quick way ofempirically confirming the fundamental frequency of a composite

design which, because of its construction is more difficult to theoretically predict.

The most useful application of the new position sensor was recognised through its

contribution to the improved modelling of reed dynamic behaviour. The high degree of

confidence in the data provided by the sensor, allowed changes to the model to be introduced

and their beneficial effects easily assessed by the difference between the real and predicted

behaviours. It was possible to investigate the subtle aspects of the model by using data sets

with highly resonant characteristics, as opposed to the more stable data used by previous

researchers. In addition, these complex data sets exaggerated errors in the model which

facilitated fine tuning of all the included parameters. The early model was based upon a

recognised assumption that the reed could be treated as a cantilever with a uniformly

distributed load, derived from the differential pressure across the reed.

It provided a basic correlation between the actual and predicted position but it lacked

accuracy in modulated detail. The introduction of a lift dependent term on the forcing

function, based upon the premise that the pressure distribution changed with lift, made a

quantifiable improvement to the model.
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Through the development of the model, an understanding of the effect of the various included

parameters was gained. This led to an insight into the possible causes of the remaining

inconsistencies.

If it is accepted that there can be pressure distribution along the reed, then using a solution

for uniformly distributed load is flawed and the system should be considered as a cantilever

with an unevenly distributed load. This would complicate the analysis of the system, since

the load and therefore pressure distribution would be required for each new point in time.

Also the structural and gas dynamic conditions would need to be re-defined and solved every

time the magnitude and distribution of these pressures changed.

The model used a value for the damping coefficient that was much higher than that

determined by experiments out of the engine. These experimental results were checked by

using two different methods, suggesting that there were either other damping issues involved

or that adjusting the damping ratio was a mechanism for correcting some other deficiency in

the model.

There was one significant difference, the reed was operating in a high velocity flow. Bodies

immersed in a stream of flowing fluid experience drag and lift forces. The magnitude of these

forces is proportional to the square of the velocity“ and they are affected by the flow

separation around the body. These forces will influence the damping experienced by a

vibrating body in a moving fluid stream and may add to the viscous damping or stimulate

further vibration.
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The conclusion is clear, the damping ratio should include terms which are a function of the

velocity and include contributions from each of the different types of damping: structural,

viscous and pressure drag. In still air, the contribution from pressure drag is negligible and

the viscous damping dominates. When the reed is in the induced flow, the damping probably

becomes dominated by the pressure drag. Unfortunately, the flow velocity is not a function

of the reed tip position, nor is it likely that the damping is the same for flow in both

directions. A simple assumption is unlikely to make the same improvement that the empirical

change made to the forcing function attenuator, which only ranged bya factor of three. In

contrast the damping factor would be required to range by approximately one hundred (the

difference between that found in still air and that used in the model). It is probable that the

phase shift error is associated with the use of a fixed damping ratio.

Other contributing errors include the assumption that the reed is only affected by the pressure

forces acting on it. Video photography of the engine shows it to rock and vibrate, this must

inject a mechanical stimulus into the root of the reed which would not cause an instantaneous

change in the tip position but could have significant effect on the reed at it's natural

frequencies. It is possible that some of the noise on the data from the firing engine was in

fact, differential vibration of the reed block with respect to the reed tip.
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7.2 FUTUREWORK

Since the research proposal for this program ofwork, where the reed valve was predicted to

rise and become the preferred method of induction control, time has shown it to have come

‘about. The amount of published work that exists in the public domain is small compared to

the wide-spread use of this device, consequently there are many possibilities for future

research. The natural extension of this work lies in two areas, the possible commercial

development of the sensor and the improved modelling of reed behaviour.

7.2.1 FURTHER SENSOR DEVELOPMENT

To develop and package a pre-production prototype requires a survey of other applications

where the direct output could be used. It would be necessary to establish the availability of

A/D cards for desk top computers before a full system could be integrated and evaluated.

Fastmodal analysis of reed samples allows their performance to be assessed before they are

tested in firing engines, the development of these out-of-engine tests would reduce the time

required for optimising designs and consequently reduce costs. It is hoped that commercial

application of these procedures becomes possible.
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7.2.2 FURTHER DEVELOPMENT OF THEMODEL

Through this work it has been recognised that the assumption of a uniformly distributed

pressure load is necessary formanageable modelling of reed dynamics. However, before the

load distribution is reconsidered, it is felt that future work should focus on aspects such as

the effects of gas velocity on the damping factors and the consequence of vibrational

stimulation of the reed root. This may improve the accuracy of the model to a point where,

for practical purposes such as the inclusion in general engine models, it may not be necessary

to review the assumptions in the fundamental modelling strategy.
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Appendix |

Description of the position sensor design,

and circuit diagram
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1. Optics

The optics consisted of a Gallium Aluminum Arsenide (GaAlAs) solid-state transmitter and

a silicon photodiode receiver encapsulated in epoxy lenses. These devices could focus either

transmitted or received light.

When a voltage is applied to the reversed biased (non-conducting) receiver, the semi-

conducting current is proportional to the incident light and the photodiode can be considered

to behave as a light-controlled current source. This current flows through a load resistance,

generating a signal voltage proportional to the current and therefore to the amount of incident

light. This characteristic was the basis of the sensor.

Infra-red light was generated by passing current (100mA) through the transmitter. This light

is focused on the reed and the reflected light returns to the receiver. This reflected light was

then converted into the corresponding proportional electrical signal.

2. The null stage

From its rest position, any target can move in one of three ways: away from the sensor and

back, towards the sensor and back or back and forth about its rest position.

To maximize sensor sensitivity it was desirable that the full scale deflection of the target is

represented by a full scale electrical swing between the chosen output voltages. It was

considered essential that the output of the sensor could be adjusted so that the output at rest

could either be at amaximum, minimum or some other mid-voltage, that would correspond
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to the rest position of the target. This was achieved using the null adjustment, which balanced

the amplifier to a reference signal.

In the case of the reed valve, the valve at rest was shut and its rest position was furthest from

the sensor. It was desirable to set ‘zero lift' to be 0 volts. In this position the sensor was still

receiving some background signal. The null adjustment is used to apply a reference voltage

equal to this smallest signal level. The amplifier was then presented with only the difference

between this null voltage and the input signal and consequently it was possible to amplify the

subsequent changes in signal, rather than the absolute magnitude of the signal. This manual

null adjustment could have been replaced by an ac- coupled input, but there were several

avantages using the dc-coupled inputs:

(i) Static calibration was possible, i.e. the target could be moved from its rest

position and held whilst the sensor output was observed. This allowed the

sensor to be calibrated or checked.

(ii) The sensor could be adjusted formaximum sensitivity and therefore optimum

resolution.

(iii) It facilitated the measurement of very slowmoving targets.

3. The amplifier

The gain of the amplifier needed to be sufficient to boost the input signal to the desired

output voltage. A gain of 100 was chosen. The bandwidth requirements were determined

from the maximum rotational speed of the engine. At 9000 rev/min the fundamental cyclic

speed was 150 Hz. It is likely that a bandwidth 100 times this (i.e. 15 KHz) would be
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sufficient to measure most other modulated information. The data resolution frequency was

in any event limited to half that of the maximum A/D sample frequency. At 9000 rev/min

sampling every 0.75 degrees limited this is 36KHz.

4. The filter

Compared to the system noise, the operating reed valve had a very low maximum frequency

and slew rate, (typically 1SKHz and 10mm/ms). This compared with the high frequency noise

which existed beyond 1MHz as background ‘hiss’ and occasional spikes with equivalent slew

rates of 200mm/ms. This large signal to noise separation allowed simple single order filter

networks to perform an adequate signal conditioning function, a low pass filter with its 3dB

point at 40 KHz and a roll-offof 6dB per octave greatly improved the signal integrity.

115



r
|oazvu.|SNIW709‘dnavelJassy

LXaN

YOSN3ASNOILISOdOQ3yHVHYSNI
onAtenassv||uaeWnNSNIMvuOatea

>6zeeun'

Onnow31A20af—
avevi3)

3g

“8

+

"
ae

7”pay
me

aesog“as

goora
OL0He8

i
{i} sees

DOABZ=AL
toe

ate

aaa

v

AWNISOIYO]Z6°6°22‘

GaA0ddd¥'SONVHD3iva3NSSI]OsA0dddvJONVHD3LVO[|3NSSI]O3sA0udd¥39NVHI3al1vVO|ansstIftO3sA0udd¥YZONVHD3ivoO|ansst
¥€Zi



Appendix {1

Source code for the reed model
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Program Red_simulation(infile,infile1 ,outfile, outfile1);

{ — = -
Program to mol the behaviour of a reed valve.
Copyright © 1992, Peter Collins, Oxford Brookes University

Purpose: This program uses the procedure InitialCond 2ndOrder which solves an
initial value problem - a second order ordinary differential equation with
initial conditions specified - using the fourth order, two variable Runge
Kutta formula. See Borland Numerical Toolbox.

Unit: InitVal procedure Initia\Cond 2ndOrder

{ - }

{$l-} {Disable I/O error trapping}
{$R+} {Enable range checking}

uses
InitVal, Dos, Crt, Common, Graph;

const
no_of_reed_segments = 12;
no_of_modes = 3;

type
reed_div = 1..no_of_reed_segments;
reed = array[reed_div] of real;
modes = array[1..no_of_modes] of real;
reed_modes = array[1..no_of_modes] of reed;

var
LowerLimit, UpperLimit : Float; {Limits over which to approximate X}
InitialValue, InitialDeriv : Float; {Initial values at lower limit}
NumReturn: integer; {Number of values to return}
Numintervals, i, j : integer; {Number of intervals}
TValues : TNvector; {Value of T between the limits}
XValues : TNvector; {Value of X at TValues}
XDerivValues : TNvector; {Derivative of X at TValues}
Error : byte; {Flags if something went wrong}
infile, infile1, outfile, outfile1 : text;
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p_up. str : real; {Upstream pressure at any time}
p_down_str : real; {Downstream pressure at any time}
sigma : modes; {Vibrational constant for clamped free

beam}
ar : modes; {Lambda(i)

*
length for clamped beam}

ymod: real; {Youngs modulus for beam material
N/(m*m)}

secmomarea: real; {Beam second moment of area}
mperl : real; {Mass per unit length kg/m}
rdlentru : real; {Effective length of reed (m)}
rdwidth,rdthk : real; {Reed width and thickness (mm)}
rhord: real; {Density of reed material (kg/(m*m*m)}
csard real; {Reed cross sectional area}
rdlenfree, original_rdlenfree : real; {Free length of reed}
modshp : reed_modes; {Free vibration mode shape}
rdlenmax,clamplen: real; {Maximum and clamped lengths of reed}
omega : modes; {Radiancy of vibration (rad/sec)}
stiff:modes; {Vibration constant}
r1 : modes; {Lamda(i)*I and Lambda(i)*x}
r2 : reed_modes;
freq : modes; {Natural frequency of vibration (Hz)}
F : real; {Force on reed (N)}
engspeed: real; {Engine speed (rev/min)}
crangint : real; {Crank angle interval for pressure data}
tim_for_crangint : real; {Time taken to cover crangint}
p_up_str_new,p_down_str_new,
p_up_str_old,p_down_str_oid : real;
crang: real; {Total crank angle covered}
lift : reed_modes; {Reed tip lift in each mode}
total_lift : reed; {Resultant tip lift}
reed_inc: real;
reedien: real;
im : integer;
x : modes;
xderiv:modes;
go : char;
stop_radius real;
jx : integer;
reed_stop : reed;
hit_stop : boolean;
damping : modes;

function cosh(x:real):real;

{Function to determine hyperbolic cosh}

begin
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end;
cosh := 0.5*(exp(x)+exp(-x));

function sinh(x:real):real;

{Function to determine hyperbolic sinh}

begin

end;
sinh:= 0.5*(exp(x)-exp(-x));

procedure generate_parameters;

begin

begin

end;

begin

begin

end;
end;
end;

for im:= 1 to no_of_modes do

omega[im]:=ar[im]*sqrt(ymod*secmomarea/mperl/(rdlenfree*rdienfree*
rdlenfree*rdlenfree));

freq[im]:=omega[im]/2.0/pi;
stifflim]:=sqrt(sqrt((omega[im]*omega[im])*csard*rhord/

(ymod*secmomarea*1e-6)));
rifim]:=rdlenfree*stiff[im]*1e-3;
sigma[im]:=(sinh(r1 [im])-sin(r1 [im]))/(cosh(r1[im])+cos(r1[im]));

reedien := 0.0;
for im:= 1 to no_of_modes do

reedien:=0.0;
forj 1 to no_of_reed_segments do

reedien := reedien + reed_inc;
r2[im,j]:=stiff[im]*reedien;

modshp{im, j]:=cosh(r2[im, j])-cos(r2[im,j])-(sigma[im]*
(sinh(r2[im, j])-sin(r2[im,j])));

procedure get_reed_data;

{Reads reed data from data file, infile1, together with engine speed
and crank interval from infile, writes data and calculates various
constants}
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var

begin

im : integer;

reset(infile1);
readIn(infile1 ,rdwidth,rdthk,rdlenmax,clamplen);
original_rdienfree:=rdlenmax-clamplen;
rdienfree := original_rdienfree;
assign(outfile,'c:\tpascal\work\jan19k3.out’);
rewrite(outfile);
assign(outfile ,'c:\tpascal\work\j19k3xl. out’);
rewrite(outfile1 );
writeln(outfile,'Reed width : ';rdwidth:5:1mm’);
writeln(outfile,'Reed thickness: ',rdthk:5:3,' mm’);
writein(outfile,'Reed length : ',rdlenmax:5:1,' mm’);
writeln(outfile,'Clamped length : ',clamplen:5:1,' mm’);
writeln(outfile,'Reed free length :'rdlenfree:S:1mm’);
writeln(‘Reed width : '.rdwidth:5:1,' mm’);
writeln(‘Reed thickness : ',rdthk:5:3,' mm’);
writeln(‘Reed length : ',rdlenmax:5:1,' mm’);
writeln(‘Clamped length : ',clamplen:5:1,’ mm’);
writeln(‘Reed free length :',rdlenfree:5: 1," mm’);
readIn(infile1,ymod,rhord);
csard:=rdwidth*rdthk;
writeln(outfile,, Youngs modulus :',ymod:10:0,' N/(m*m)’);
writeln(outfile,'Density of reed material :

‘rhord:8:1,' kg/(m*m*m)’);
writeln(outfile,'Reed cross sectional area : ',csard:8:5,' (mm*mm)');
writeln(‘Youngs modulus :',ymod: 10:0,’ N/(m*m)’);
writeln(‘Density of reed material : ',rhord:8:1," kg/(m*m*m)’);
writeIn('Reed cross sectional area : ',csard:8:5,’ (mm*mm)’);
secmomarea:=(rdwidth*(rdthk*rdthk*rdthk)/1 2.0);
writein(outfile,'Second moment of area : ‘ secmomarea:8:5,'

(mm*mm*mm*mm)’);
writeln(‘Second moment of area : ';secmomarea:8:5,' (mm*mm*mm*mm)’);
mperl:=rdwidth*rdthk*rhord*1e-6;
writein(outfile,'Mass per unit length : ‘;:mpert:10:6," (kg/m)’);
writeln(‘Mass per unit length : ',mperl:10:6,' (kg/m)’);
readin(infile1 ,stop_radius);
writeln(outfile,'Reed stop radius : ',stop_radius:5:1,' (mm)’);
writeln(‘Reed stop radius : ';stop_radius:5:1,’ (mm)’);
ar[1)}:=3.52;
ar[2]:=22.03364;
ar[3]:=61.701;
damping[1] := 0.38;
damping[2] := 0.38;
damping[3] := 0.38;
jx := 1;
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begin

end;

begin

end;

begin

begin

end;

end;

end;

{SF+}

rdientru:=rdlenfree*ie-3; {units (m)}
‘reed_inc := rdlentru/no_of_reed_segments;
generate_parameters;
for im:= 1 to no_of_modes do

writeln(outfile,'Omega : ';omega[im]:8:3," (rad/s)');
writeln(outfile,'Frequency of free vibration : ',freq[im]:8:2,' Hz’);
writeln(outfile,Stiff ',stifffim});
writeln(‘Stiff

‘
stifffim]);

writeln(outfile,'sigma ',sigma{im));
writein(‘sigma ',sigma[im]);

reedien:=0.0;
forj := 1 to no_of_reed_segments do

reedlen := reedlen + reed_inc;
reed_stop[j] := stop_radius*1e-3*(1.0-cos(reedlen/stop_radius/1e-3));

for im:= 1 to no_of_modes do

for j := 1 to no_of_reed_segments do

write!n(outfile,'r2 ‘,r2[im,j]);
writeln(outfile,Mode shape ',modshp|im,j],, Stop height

reed_stop{j]*1e3:5:1);
writeln(‘Mode shape ',modshp[im,j],' Stop height’,

reed_stop|j]*1e3:5:2);

writeln(outfile,'Mode shape : ',modshp[im, 1]}:8:3);

readin(infile,engspeed,crangint); {Engine speed and crank angle interval
between readings}

writeln(outfile,'Engine speed : '‘;engspeed:8:1,' (rev/min)’);
writein(outfile,'Crank angle interval between readings: ',crangint:4:1,'

(deg)’);
tim_for_crangint:=crangint/360.0/engspeed*60;
writeln(outfile,,Time taken to cover crank angle interval :

'
tim_for_crangint:8:6,' (sec)’);

close(infile1);

function TNTargetF(T : Float;
Xx : Float;
XPrime: Float) : Float;

122



{This is the second order differential equation}
{----

begin
p_up_str := p_up_str_old + (p_up_str_new - p_up_str_old)

Itim_for_crangint
* T;

p_down_str := p_down_str_old + (p_down_str_new - p_down_str_old) *

T/tim_for_crangint;
F := (+p_up_str - p_down_str-0.01)*((15.0-total_lift{12])/15.0)

* rdlentru * rdwidth * 1e2;

{writeln(‘Time : ',T:8:6,' Force : ',F:8:6,' X :'.X,' Xprime: ',xprime);}

TNTargetF := F/(rdlentru
*
mperl) - 2

*

omega{im]
*
damping[im]

* xprime
- omega[im]

*
omegal|im]

* X;
end; { function TNTargetF }
{SF-}

procedure Initialize(var LowerLimit : Float;
var UpperLimit : Float;
var Initial Value : Float;
var InitialDeriv : Float;
var Numintervals integer;
var NumReturn : integer;
var Error : byte);

{----- -- ~-- ------. - --
{Output: LowerLimit, UpperLimit, Lowrelnitial, InitialDeriv,}
{Numintervals, NumReturn, Error}
{
{This procedure initializes the above variables to zero}
{ --

begin
LowerLimit := 0;
UpperLimit := 0;
InitialValue := 0;
InitialDeriv := 0;
NumReturn := 0;
Numintervals := 0;
Error := 0;

end; {procedure Initialize}

procedure GetData(var LowerLimit : Float;
var UpperLimit : Float;
var InitialValue : Float;
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var InitialDeriv : loat;
’ var NumReturn : integr;
var Numintervals : integer);

{ - = —— -
{Output: LowerLimit, UpperLimit, InitialValue,}
{InitialDeriv, NumReturn, Numintervals}

{This procedure assigns values to the above variables}
{from keyboard input}
{ - eee }

begin {procedure GetData}
LowerLimit:=0.0; {Lower limit of integration}
UpperLimit:=tim_for_crangint; {Upper limit of integration}
Initial Value:=x[im]; {Initial X value}
InitialDeriv:=xderiv[im]; {Initial Xprime value}
NumReturn:=1; {Number of values to be returned}
Numintervals:=100; {Number of intervals over which to solve

equation}
end; {procedure GetData}

Procedure draw_reed(lift : reed);

var
seg,mm,j,x,y : integer;

begin
seg := GetMaxX div 20;
mm := GetMaxyY div 50;
x := GetMaxxX div 3;
y := GetMaxyY div 2;
MoveTo(GetMaxX div 3,GetMaxyY div 2);
forj := 1 to No_of_Reed_segments do

begin
xX = X + $eg;
y y + round(lift[j])

* mm;
LineTo(x,y);

end;
end; .

Procedure graphics;

var
Graphdriver, GraphMode, ErrorCode: integer;
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begin

begin

end;

begin

end;

end;

Graphdriver := Detect;
InitGraph(GraphDriver, GraphMode, ");
ErrorCode := GraphResult;
IF ErrorCode <> grOK then

writeln(‘Graphics error: ';GraphErrorMsg(ErrorCode));
writeln(‘Program aborted.');
Halt(1);

SetColor (yellow);
forj := 1 to no_of_reed_segments do

total_lift[j] := 0.0;

draw_reed(total_lift);

begin {program InitialCond2ndOrder}

begin

end:

assign(infile1 ,'c:\tpascal\work\reedsim.dat’);
{graphics;}
hit_stop := false;
crang:=0;
numintervals :=1;
for im:=1 to no_of_modes do

x[im]:=0.0;
xderiv[im]:=0.0;

assign(infile, 'c:\tpascalhwork\j19k3.rdm’');
reset(infile);
get_reed_data;
readin(infile,p_up_str_old,p_down_str_old);
readin(infile,p_up_str_new,p_down_str_new);
initialize(LowerLimit, UpperLimit, InitialValue, InitialDeriv,

Numintervals, NumReturn, Error);
writein(outtfile,' ');
writein(outfile,’ ');
writeln(outfile,'Crank angle Force Tip Lift Mid Lift’,

xX Xprime’);
writeln(outfile,, (deg) (N) (mm)’);
jx := 1;
repeat
rdienfree := original_rdlenfree - (jx - 1)

* reed_inc;
generate_parameters;
for im := 1 to no_of_modes do
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begin
GetData(LowerLimit, UpperLimit, InitialValue,
InitialDeriv, NumReturn, Numintervals);

InitialCond2ndOrder(LowerLimit, UpperLimit, InitialValue, InitialDeriv,
NumReturn, Numintervals, TValues, XValues,
XDerivValues,Error,@TNTargetF);
x{im]:=XValues[1];
xderiv[im]:=XDerivValues[1];

end;
crang:=crang+crangint;
{SetColor(black);
draw_reed(total_lift);}
jx := 0;
forj := 1 to no_of_reed_segments do

begin
total_lift{j] := 0.0;
for im := 1 to no_of_modes do

begin
lift{im,j]:= x{im]

*
modshp{im,j]*1e3;

{writeln(‘lift
'
lift[im,j]);}

total_lift[j]:=total_lift{j]+liftfim,j];
end;

if total_lift{j] > reed_stop[j]*1e3 then
begin

total_lift{j] := reed_stop{j]*1e3;
hit_stop := true;
writeln(‘Hit stop’);
hit_stop := false;
x5 j

end;
if total_lift{j] < 0.0 then

begin
total_lift[j] := 0.0;
for im := 1 to no_of_modes do

begin
x[im] := 0.0;
xderiv[im] := 0.0;

end;
end;
end;

for im := 1 to no_of_modes do
begin

if jx = no_of_reed_segments then xderiv[im] := 0;
end;

writein(‘Xderiv ',xderiv[1});
forj := 1 to no_of_reed_segments do
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begin
writein('Total lift ',total_lift{j]);

end;
writeln(’ ');
{SetColor(yellow);
draw_reed(total_lift);}
writeln(outfile,’ ‘,crang:5:1,' F:5:2," ¢,

total_lift[no_of_reed_segments]:8:5,'
'
total_lift(3]:8:5,

"

"X[1],' '.XDeriv[1]);
writein(outfile1,crang:5:1,' ',total_lift{no_of_reed_segments]:8:5,

"

'\F:5:2);
p_up_str_old := p_up_str_new;
p_down_str_old := p_down_str_new;
readin(infile,p_up_str_new,p_down_str_new);
until eof(infile);
close(OutFile);
close(infile);
close(outfile1);

end. {program InitialCond2ndOrder}
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Appendix Ill

Other equipment designed and constructed for this study:

descriptions and circuit diagrams
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1. Power supplies

A fixed voltage de power supply providing stabilised +12V was constructed. This used a

non-switching design based upona solid-state voltage regulator fed from a full-wave rectified

and smoothed ac supply. The low voltage ac supply was generated by a step down

transformer from the 240V ac mains supply. The output of the regulator contained a current

limit and had thermal overload shutdown incorporated into them, making the power supply

robust and safe.

2. Strain gauge amplifiers for silicon bridge pressure transducers

A two-channel instrumentation amplifier required for the pressure transducers was designed

and constructed. This consisted of a split rail power supply and two differential amplifiers

with null and gain adjustments. To be compatible with the microlink data acquisition system,

the output was required to be between +/- 5V. An internal power supply generated this from

a centre-tapped transformer. This was full-wave-rectified which generated +/- 8 volts with

ripple. These supplies were regulated using 7805 and 7905 one amp power regulators to

generate the stable supplies required by the amplifier. The regulators were decoupled, both

on their inputs and outputs with classic high and low frequency decoupling networks, which

were required to reduce ripple and eliminate oscillation. An advantage ofhaving an internal

power supply was that, although the rails themselves were not exactly + and - 5 volts, they

would not require a nulling on every occasion that it was used.
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Two instrumentation amplifiers were necessary and each was a three stage design using

operational amplifiers (op-amp). The first stage formed a precision differential amplifier with

a gain of ten providing the high common mode rejection ratio (CMRR) required. This

cascaded into a variable gain de amplifier with a null adjustment which allowed calibration

to the required sensitivity of 200 mBar/volt with less than 1 mV offset error.

The final op-amp was configured as a unity gain buffer, which acted as a line driver. The

simplest way to realise this circuit topology was to use a dedicated differential front-end

amplifier, with a preset gain of ten. This was available as a custom package (INA106KP), and

although it did not provide sufficient gain by itself, it generated a single-ended output with

a high CMRR. This signal was then amplified by a classic two stage design with gain and null

adjustments. The null was set up after the power supply and amplifier had been allowed to

warm up with the amplifiers on full gain. This gave the best conditions for optimising the null

adjustment.

To ensure the sensitivity of200 mBar per volt, the amplifier was calibrated using a mercury

manometer to set the maximum at | Bar. The gain was then adjusted to give an output of 5

volts. Having set full scale deflection, linearity was checked by taking 25 data points between

O Bar and +1 Bar. The offset was re-checked with the pressure removed. This gavea straight

line, with an error within the limits of the visual measurement of the manometer reading

(1mm ofmercury). Once set, the null control did not need adjustment as long as a five minute

warm-up was possible. Maximum pre-warm-up error was less than 25 mV (i.e. 5 mBar).
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CIRCUIT DIAGRAM FOR :-DUAL CHANNEL VARIABLE GAIN
INSTRUMENTATION AMP WITH OFFSET NULL
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Appendix IV

Modal response of the four reed types
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Modal resonances of the Standard Steel Reed
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Modal resonance of the Proprietary Composite
Reed.
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