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ABSTRACT

The aim of the research described in this thesis is to assess the technical
feasibility of pneumatic tyres for passenger cars which have no directional
reinforcement in their carcasses. Conventional tyres are constructed from
composites of twisted textile or steel cords in a rubber matrix, a process
which is both labour intensive and costly. If it were possible to injection
mould or cast tyre carcasses in a single operation, and if the performance
of the resulting tyres matched that of modern radial ply tyres, then the
implications for the tyre industry would be of major proportions.

After reviewing the history of pneumatic tyres and summarising their
principal attributes, the design of unreinforced or fabricless tyres is
investigated and methods developed for defining their meridional profiles.

Materials suitable for their carcasses and treads are then considered, prior
to describing the mamifacture of two series of tyres designed to have section

height to width ratios, or aspect ratios, of 0.9 and 0.7 respectively.

To facilitate experimental work, two sizes of tyres were employed: half scale
models for which testing procedures had been developed previocusly; and a size
sultable for small saloon cars. The results obtained on a range of tyre
properties are presented and analysed to give a number of empirical relation—
ships between the properties and the design variables: carcass material Young's
modulus, carcass wall thickness and the inflation pressure. For the important
property of radial stiffness which affects other tyre characteristics, an

improved method of analysis is developed to allow the structural and pneumatic
components to be quantified.

Using the relationships established experimentally, consideration is given to
optimising the design of a fabricless tyre. It is concluded that to approach
the performance of a conventional tyre, a design with a low aspect ratio is
preferred but, to restrict growth with inflation pressure, limited directional
reinforcement must be included as a circumferential belt beneath the tread.
Nevertheless, the discussion concludes that there are fundamental reasons

why even the optimised t'yre would be unacceptable for use on modern passenger
carsy, although less demanding applications may be identified.
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CHAPTER I : INTRODUCTION

I.1 Histo of the Pneumatic

Since its invention in 1846, the pneumatic tyre has been a composite of
rubber and some form of directional reinforcement. The original inventor,

Robert William Thomson who was a trained engineer, a Scoisman and a
cdntemporary of Robert Stevenson, was quite clear on the purposes of his
innovation:

"(it) consists in the application of elastic bearings round the
tyres of wheels of carriages, for the purpose of lessening the
power required to draw the carriagesy = = = = and diminishing
the noise they make when in motion.™

If one interprets his use of the word noise liberally, it may be seen that

Thomson appreciated two of the most important characteristics of pneumatic
tyres: their low drag and low radial stiffness.

The construction of the tyre invented by Thomson was the opposite to that

which has evolved over the years. He placed the reinforcement, square woven

fabric, in the rubberised inner tube; while the carcass consisted of a
single material, leather, which was chosen for its general toughness in

resisting cutting when run over rough roads. A representation of Thomson's
tyre is shown in figure 1.1,

This first pneumatic tyre was tested in Regents Park, London, in 1849 using
a horse drawn carriage and the claims made for it were demonstrated. However,

Thomson then became involved in other work and his tyre, which was probably
conceived in advance of its time, was forgotten.

It was in 1886 that the pneumatic tyre was re~invented by John Boyd Dunlop,
who irained as a veterinary in Scotland before moving to Northern Ireland.
In response to his son's request for wheels which reduced the effort

required to pedal his bicycle, he built a pneumatic tyre around the periphery
of an existing wooden rimmed wheel. His construction was the direct
forerunner of the modern tyre because he employed a rubber inner tube
contained within a rubberised, fabric reinforced carcass which was tacked

to the wooden rim, as illustrated in figure 1.2. The techniques used by
Dunlop were those he had developed previcusly when making devices needed
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in his veterinary practice. Thus his approach contrasted to that of
Thomson. The latter utilised his engineering understanding, while Dunlop
called upon his experience, coupled with intuitive thinking. However he
did conduct the equivalent of a laboratory experiment before p'roving his
tyre when fitted to a bicycle. He bowled the modified and original wheels
along the yard adjacent to his house and showed that the one fitted with a

pneumatic ityre ran much further before losing its kinetic energy and
fa.l;l.ing sideways.

The tyres built by Dunlop for bicycles following his initial experiments
were lmpracticable because, to avoid tacking them to the wooden rims, he
constructed the carcass from a long strip of rubberised canvas wound in

the form of a toroid. To anchor it to the rim, the strip passed under the
rim and between the spokes, figure 1.3. In the event of a puncture, the
wraps of canvas had to be released with solvent, the carcass unwound and
then rebuilt after mending the inner tube. Nevertheless, the advantages of
Dunlopt!s invention were clearly demonstrated in bicycle races organised by

Queen's College, Belfast, when a.n unknown rider beat more experienced

competitors using machines fitted with-the standard wooden rimmed wheels.

The next stage in the history of the pneumatic tyre was concenieg.'with the
problem of removing the carcass from the rim in order to mend a puncture,
a regular occurrence. Charles Kingston Welch from Middlesex invented the
wire=on tyre; while William Erskine Bartlett from the USA but working in
Scotland, developed the beaded edge tyre. As it happened, the work of
Welch was the more important and represented an evolutionary step in the
development of 'tlae pneumatic tyre. He introduced the concept of the bead
wire,*'to be used in conjunction with a rim well to allow fitment of the
tyre, figure 1.4. However, at the time patent complications meant that
the beaded edge concept was taken further than otherwise might have been
the cases This method requires the portion of the tyre sidewall adjacent
to the rim to be thickened, shaped and strengthened so that it could be
| locked in place within the turned=over edge of the rim, figure 1.5. This

technique was acceptable for bicycle tyres but problems of location ultima.tely
resulted in its demise for car tyres.

In retrospect, 'l:he’next important development came from the realisation
that the structural life of pneumatic tyres was limited when square woven

fabric was used for reinforcing the carcass. However well the rubberisation
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was performed, the warp and weft were in direct contact and during flexing
of the tyre fretting was inevitable. John Fallerton Palmer patented a
weftless fabric in 1892 in the USA but his innovation was predated by that
of David Moseley of Manchester who filed a similar patent in 1888. Entirely
weftless fabric was, of course, difficult to handle in manufacture,
consequently thin wefts at about 25 mm intervals were introduced to give
stability and this method is still employed today.

Over the next 50 years, the pneumatic tyre based on a cross—biassed,
weftless ply carcass construction gradually developed. In general, section
widths increased and inflation pressures decreased to enhance performance.
Also tread patterns progressed from circumferential grooves, through block
designs, to the complex configurations common to all current car tyres.

Moreover the range of vehicles to which pneumatic tyres were fitted was
extended from bicycles to cars and motor cycles, trucks and buses and,
finally, earthmoving equipment. They were fitted to aeroplanes early in

their development, primarily to save weighte.

Since 1946, the history of car and truck :I:yres in particular has been
dominated by the change from the cross—biassed to the radial constiruction.
Although the latter was suggested in 1913 by Gray and Sloper of England,
they did not appreciate its significance nor was the idea exploited. It
was the patent filed by the French company Michelin and their "X" tyre which
had the profound effect upon the tyre industry; an effect which is still
having its repercussions today owing to the greatly improved tread life

which a radial construction provides.

To conclude this brief history of the pneumatic tyre, figures 1.6 and 1.7

show the detailed constructions of cross=biassed and radial tyres respectively.

Apart from the principal components : tread, casing plies, bead wires and,
in the case of the radial tyre, the tread bracing layers or belt; there are
a number of auxilliary parts, such as chafers and the apex strips, which
provide additional reinforcement or distribute the stresses more favourably.
Tt should be noted that the bias of cords in the casing of the cross-biassed
iyre relative to the circumferential direction is typically about '350 at
the crown, increasing to 55o at the bead. The bias in the casing of the
radial tyre is 900 but in the belt it is less than 200.
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I.2 Ma.nufacturigg Process

Before introducing the concept of a fabricless, pneumatic tyre and the
advantages it would bring, it is important to appreciate the steps involved

in the mamufacture of modern cross-biassed and radial car tyres.
The principal raw materials received by a tyre factory are:

polymers, natural and synthetic usually in the form of balesj
carbon blacks, pellitised for ease of handling;

curatives and antidegradents, the minor ingredients of rubber
compounds;

textiles, particularly rayon and nylon in the form of twisted
cords in widths which are essentially weftless;

steel wire, used to make multi=strand beads;

steel cords, multifilament constructions for the belts of car

tyres and also used for the belts and casings of truck tyres.

The mamifacturing route may be simplified and illustrated with a flow
diagram, shown in figure 1.8. |

a) The polymers and‘ carbon black, with or without curatives and other
minor ingredients, are intimately mixed in an internal mixing machine such
as a Banbury or Intermix. This is an energy intensive process because
adequate dispersion of the black can only be achieved by subjecting the

polymer to high shear forces. The curatives may be added at this stage or
they can require a second mixing cycle.

b) Compound intended for the tread, usually based on a styrene-—
butadiene copolymer, o0il extended and containing a fine carbon black, is
then extruded to form what is known as a "camelback". This is so shaped

to ensure the correct distribution of rubber in the tread during moulding.

¢) The compounds which will form protective layers in the finished
tyre ¢ for the sidewalls and as cushions below the tread or between the

belt and the casing; may be calendered or extruded to form sheets or strips

of uniform thickness. Natural rubber is often used for these components,

although butyl is employed for the inmer liner because of its low air
permeability.
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d) Calendering is also used to prepare the Tubberised ply material
when either textile or steel cord reinforcement is introduced. This

composite material is then cut to the required dimensions and bias angle
ready for incorporation in tyres.

e) Tyre building is essentially a skilled mal operation, -@lthough
many mechanical aids are incorporated in the equipment used.

(i) When making a cross-biassed tyre, the various components :
the liner, casing plies, sidewall protection strips and tread camelback; are
wrapped in turn around a cylindrical former, care being taken to ensure
close contact between successive layers to avoid air trapping. The prepared
bead wires are fitted after the casing plies, which are then turned back

to anchor the beads. The tyre is removed from the form.er without shaping

it into a toroid so that the green tyre, as it is known before vulcanisation,
is still cylindrical in shape.

(ii) Radial tyres demand a modified procedure because the plies
of the belt are cut at a bias angle somewhat less than 20° to the circu:ﬁ‘erence
of the tyre and are, therefore, virtually inextensible. The liner, casing
plies, bead wires and sidewall protection strips are built on to a cylindriéal
former in the same way as the components of a cross—biassed tyre. However,
before the plies of the belt and the tread camelback are added, the casing
1s expanded by an inflatable diaphragm incorporated in the former until it
attains the radius of the belt in the finished tyre. Thus, when the green
tyre is removed from the former, its profile is that of an open toroid with

the beads well separated compared to their positions after moulding.

f) The final shaping of the tyre, moulding the tread pattern and
vulcanisation all take place in one, fairly automated, operation. Because
the temperature required for vulcanisation is high, coupled with the low
thermal conductivity of rubber compounds, this stage is the second energy

intensive process in tyre production, comparable with mixing.

I.3 The Potential of Fabricless Tyres

It 1s clear from section I.2 that the mamifacture of conventional crosse

blassed and radial tyres is both complex and labour intensive. Moreover
the preparation of the many components and the tyre building and moulding

procedures themselves can be prone to errors of precision or integrity.
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Lack of precision will lead to tyres which are unbalanced mechanically,

while the introduction of flaws can result in premature fallures.

It should be appreciated that advances in vehicle design have placed far
more emphasis on tyre uniformity, because tyre induced shake and other
vibrations are more readily detected in a modern car. Also consumer

assurance legislation, existing or proposed, demands tyres whose siructural
performance consistently exceeds their tread life. The latter has probably

quadrupled since the introduction of radial constructions with steel cord
reinforced belts.

With these observations on the increasingly stringent specification for

conventional tyres and the complexity of their manufacture, the potential
of fabricless tyres can be introduced.

A fabricless tyre is, by definition, no longer a composite of reinforcing
fibres and a rubber matrix. In the ultimate, it may be constructed from

only one homogeneous material and, consequently, the manufacturing route

would be radically different. Thus the stages in conventional 'i:yre

production concerned with preparing the many components ¢ rubberised plies,
tread camelbacks and others; would not be required and complete fabricless

tyres could be produced by techniques well known in the plastics industry.
Of these, injection moulding and casting are obvious contenders, depending
upon the melt viscosity of the material chosen, while rotational or even
blow moulding can be considered. Whichever method were chosen, labour costs

would be reduced very significantly = the first advantage offered by
fabricless tyres.

The second advantage comes from the precision offered by injection moulding
or centrifugal casting; if the latter, like the former, is carried out in
a closed mould which defines both the inner and cuter surfaces of the tyre.
When a conventional tyre is moulded, only the outer surface is defined by
the mould, the tyre being consolidated and shaped by an internal rubber
diaphragme Any irregularities present in the green, unvulcanised cover are
reproduced to some extent in the final, vulcanised tyre« Thus it can be

expected that the uniformity of fabricless tyres will be greater and less
variable compared to conventional tyres.

To summarise, a fabricless tyre offers the potential of a less complex

mamfacturing route and lower labour costs, together with less geometrical
variability. However it must, at least, be able to match the mechanical



performance of a conventional cross—=biassed tyre, preferably that of a

modern radial tyre.

I.4 Known Previous Work on Fabricless Tyres

A literature survey reveals a mmber of articles which discuss, in general
terms, the possibility of fabricless or cast tyres, as they are often
nown. For example, references (1) and (2) have the titles : "Will cast
auto tyres roll over the tyre cord market?" and "Will future tyres be cast
polyurethane?" respectively; which summarise succinctly the worries felt

to a lesser or greater extent by the tyre industry and its suppliers.

On the technology of fabricless tyres, the first papers to arouse interest
emanated from the Firestone Tire and Rubber Company in the early 1970!'s.

Of these, reference (3) contains data on the mechanical performance of tyres

centrifugally cast in closed moulds from polyurethane. It was shown that:

(i) growth with inflation was small and, even after 11,000 miles
"ru.nning, only amounted to 3.5%;

(iq‘.) radial stiffness was significantly higher than equivalent
cross=ply and radial tyres, by 32% and 65% respectively;

(iii) when run to failure at the inflation pressure recommended

for conventional tyres, the requirements of the US Department
of Transportation were met;

(iv) the cornering power was high;

(v) the strength of the carcass, when measured by plunger tests,
was more than adequate;

(v:l.) uniformity was excellent.

These re'sults, however, only cover some aspects of tyre performance, for
example no data are given on wear resistance or road-grip. Moreover,
recognising that the radial stiffnesses of the fabricless tyres were high,
the suggestion is made that the inflation pressure could be reduced to

restore compliance. When testing for fatigue no such reduction was madee.

Altogether, then, the information published by Firestone is incomplete



and no mention is made of the principles guiding the design of fabricless
tyrese.

The next papers worth considering resulted from.the US Air Force's interest
in cast tyres for aircraft. It initiated a programme with Zedron Inc. to
establish the potential of such tyres and the first target was to screen

and select suitable materials, reference (4). In this publication, key
physical properties are identified : tear strength, Young's modulus,

cracking resistance, hysteresis, friction and wear resistance; for a material
1o be used both in the carcass and tread of a T.00=-8 tyre, a small tyre

' chosen, presumably, to ease the problems of mamufacture and testing in the
early stages of the programme.

Candidate materials were based upon polyesters, polyurethanes and low
molecular weight polybutadiene. The last was soon eliminated because of

its poor properties, and from the first two the following were chosen for
extensive laboratory examination:

A = a polyester with 20 p.hep. of milled glass fibre;

B = an unfilled polyester;

C = a thermosetting polyurethane with 20 p.h.p. of milled glass

fibre.

Of these, A was considered the most promising, although it was soon realised
1ts performance as a iread material was inadequate, primarily due to its
high hardness affecting road friction and wear resistance detrimentally.

Thus a two part tyre was envisaged, using a conventional natural rubber
compound for the tread.

Using the filled polyester for the carcass, the proposed method of
mamfacture was rotational moulding, followed by strip winding for the
tread. However it was recognised that the chosen carcass material could
be inadequate in terms of its strain to yield, only 7%, and its high

hysteresis, 50%. Nevertheless, it was concluded that tyre tests should be
undertaken.



A second report on the collaboration between the US Air Force and Zedron,

reference (5), describes experiments carried out on rotationally moulded

tyres, although the sizes examined were 6.00=6, 6.50-8 and 8.50-=8, comparéd

to the 7.00=8 originally chosen. The methods employed were fairly conventional
static tests of radial stiffness and contact patch size, while the dynamic
tests were related to the performance required in aircraft taxi=takeoff
manoeuvres. It was concluded that fabricless tyre technology had been
advanced but fundamental design changes were necessary to both the tyres

and their rims to reduce the stress levels in the lower sidewalls, where
failures were most rumerous. As noted when reviewing the work published by

Firestone, the Air Force/Zedron exercise seemed to pay little attention to
deSign.

In the late 1970's and early 80!'s, a company not part of the established
tyre industry created considerable interest. Polyair Maschinenbrau of
Ausiria has a good reputation as a machinery mamufacturer for the plastics
industry and it proposed an extension of its technology to the production
of car and tractor tyres by liquid injection moulding. It embarked on a

development programme to improve the chemistry of polyurethanes and to
automate tyre production.

References-(é)_ and (7) summarise Polyair?!s work and there is no doubt that
the mamufacturing route established is excellent. 3By injecting reacting,
liquid polyurethane into a closed mould whose toroidal form has replaceable
crown segments, the carcass of a fabricless tyre can be made first. Then,
crown segments containing a tread pattern can be substituted for the smooth
segments used for the carcass and the tread injected in a second operation.

Moreover, it is possible to introduce reinforcement into selected parts

of the carcass as pre=prepared components, such as bead wires or a rudimentary
belt, with the confidence that the liquid polyurethane will encapsulate
them. The completed tyre is removed after the mould has been opened and

a solid, segmented core extracted automatically.

As with the performance data given by Firestone, those from Polyair are
sparse. A single size of car tyres, 165=13, was compared to equivalent
cross=-ply and radial tyres with the inference that every measured property
was very nearly equal or superior. However the design of the fabricless

tyre is not described apart from the facts that it had bead wires and a

single ply Oo, or circumferential, belt of steel or Kevlar cords called
a2 restrictor.




- 14 -

Certainly such dimensions as carcass wall thickness and profile shape are
not mentioned, nor are the elastic properties of the polyurethanes used

for the carcass and the tread. Moreover, there is no record of any

assessment of the tyre by an independent organisation.

To summarise the published. information from previous workers in the field
of fabricless tyres: the data are incomplete and can be questioned because
tests were-either limited or not sufficiently described. Also, no attempt
has been made to show how tyre design and performance interact, an
essential stage in the development of such a radically different tyre

product. Overall, one camnot assess with any confidence whether or not

fabricless tyres are technically viable.



CHAPTER II : AIMS OF THE RESEARCH

Before stating the principal objective of the research, it is worth

discussing briefly and in general terms the mechanical performance

required from a pneumatic tyre.

Tyres constitute the only connection between a vehicle and the road
upon which it is running. They must therefore : carry the weight of
the vehicle and its contents; and transmit or generate the forces
necessary for accelerating, overcoming wind resistance, cornering and

braking. Moreover, because a tyre only makes rolling contact with the
road, all the forces other than those normal to the road are frictional

in nature within the contact patch. Consequently, whether the road is
dry or wet, the tyre must exhibit a high coefficient of friction.

The tyres also act in conjunction with the primary suspension of a
vehicle to isolate it from road irregularities. A tyre, therefore,

is required to act as a spring, particularly at frequencies above 10

to 15 Hz when, in the direction normal to the road surface, the primary
spring is inoperative owing to its associated damper. Parallel to the
road surface, any irregularities are isolated almost entirely by the
tyres because, in this direction, the only other compliance is that

provided by the rubber bushes used to anchor the suspension components.

The generation and transmission of forces, and its behaviour as a spring,
may be regarded as the positive functions of a tyre. However, it also
has a negative function because it is required to perform in these ways
without failure and over g distance which has increased significantly
since the introduction of the steel belted radial ply tyre. Now the
useful life of a tyre can be terminated in two ways : when its tread has
worn to the extent that the pattern depth has reached the legal minirum,
currently 1 mm in the UK; or when it suffers some form of catastrophic
failure owing to fatigue of its carcass. The latter will be aggravated
if the tyre runs at too high a temperature. Heat is generated by the
flexing of a tyre because the materials : rubber compounds and textiles;
from which it is made exhibit hysteresis. Thus the materials must be

chosen and the tyre designed to ensure that the temperature rise is not
excessive.
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The energy loss, due to hysteresis, within a tyre causes it to exhibit

drag or rolling resistance which, like wind resistance, must be overcome
by the engine of the vehicle. To minimise petrol consumption, the drag

of a tyre should be kept as low as possible. However, one of the conflicts
experienced in the design of tyres now becomes apparent. The rubber
compounds chosen for the treads of tyres to enhance friction and

resistance to wear, tend to have relatively high hysteresis, although the
correlation is not absolute. Consequently a careful balance of the

various properties must be sought.

It is against this general background of the performance requirements

of pneumatic tyres that the aims of the research may be stated :

"o establish whether a pneumatic tyre constructed
with no directional reinforcement in its carcass is
a technically viable alternative to conventional

tyres on modern passenger cars',

The approach to be taken in achieving this aim is governed to some
extent by the decision that, during the course of the research,
demonstration tyres should be produced for vehicle trials. This dictates

a largely experimental approach.

The first stage, however, is to establish criteria for the design of
fabricless tyres. These are likely to be significantly different to
those for conventional tyres, whose meridional profiles are dominated
by the disposition of the reinforcing cords. A range of tyres will then
be designed and manufactured using materials selected by virtue of their

known physical properties.

The manufacturing route will depend upon the nature of the chosen
materials; for example, whether they are thermoplastics and can be
injection moulded, or liquid processing when casting can be considered.
Once the tyres have been produced, a systematic examination of their
performance may be undertaken, comparing the data obtained with the
known or measured performance of equivalent conventional tyres, both

cross=biassed and radial.
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This approach alone, however, is limited because comparative data may

not be sufficient to assess the viability of fabricless tyres. It 1s
quite possible that the designs chosen are not optima, leading to
incorrect conclusions. An analysis must be attempted whereby the key
design parameters may be related to performance. In this way, the
optimum may be identified without a contimiing demand for the manufacture
of additional, modified tyres.
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CHAPTER III : THE MECHANICS OF PNEUMATIC TYRES

II1.1 The Tyre as a SEring

When outlining the performance requirements of pneumatic tyres in
Chapter II, it was stated that they must act as springs in conjunction
with the primary suspension of a vehicle. In fact, a tyre may be likened
to a triaxial spring system with interactions between the three modes :

radial (x), lateral (y) and longitudinal (z), figure 3.1.

If, for the purpose of describing a tyre's behaviocur, one assumes it 1is
linear in response, then the force developed in one mode, say x, 1s

related to the deflections (d) in all three modes by an equation of the
form ¢

F_=Kd (1+ ko &+ kp, d_) (1)

Y

where Kx is the principal stiffness in mode x,

and k_, k__ are interaction stiffnesses.
xy' Xz

In practice, however, it is the forces rather than the deflections which
are defined, by the weight of the vehicle and its kinematics. Thus, in
preference 1o equations with coefficients of stiffness, those involving
compliance are more instructive. Moreover, because the longitudinal

compliance of tyres in general is comparatively low, the mechanical
behaviour of a tyre may be described by equations (2):

d, =CF_(1+ Cry Fy) - radial (2.1)
dy = C._)r]?y (1 + cy-x Fx) - lateral (2.2)

where C and ¢ are the principal and

interaction compliances respectively.

From equations (2) it may be seen that when a tyre is running straight
ahead and not generating a cornering force (F v " 0), the radial deflection
is only a function of the radial force, Fx’ which opposes the load on
the tyre. However when cornering, the radial deflection increases, while

the lateral deflection depends upon both the lateral and radial forces.
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There is another factor which must be introduced and discussed when

considering the pneumatic tyre as a spring : the inflation pressure,
upon which the stiffnesses or compliances depend. Maintaining the
assumption that the response of a tyre is linear and referring back to
equation (1), the principal radial and lateral stiffnesses are related

to the pressure, p, by:

vay B Ax,y ¥ eryp (3)

In this equation, Ax v represents the structural component of stiffness
|

and is due to the stresses induced in the materials of the tyre by 1its

distortion; and Bx v is the additional component of stiffness caused by
|

unit inflation pressure. The fundamental importance of these structural
and pneumatic components to the performance of pneumatic tyres is

explored in the next section.

II1.2 The Pneumatic ComEonent

Although a tyre is required to carry load, generate forces and act as
a spring, these functions per se do not dictate a pneumatic construction.
A solid rubber tyre is also able to act in these ways and, for many

applications, it is preferred. Among other reasons, there is no need
to check and maintain the inflation pressure. Thus, if the technical
viability of fabricless, pneumatic tyres is to be assessed, it is vital

t0 understand the importance of the pneumatic component.

Consider, first, the load (WS) carried by the structure of a tyre when
the inflation pressure is zero. From equations (1) and (3):

W,.=F_=A4A_4d

where dx is the radial deflection.

Confining the argument to the radial mode, the subscripts ., may be
omitted and the energy, E, stored in the tyre is:

E=-%-Wsd=%Ad2

and, if the overall hysteresis of the materials of the tyre is H and

is defined as the ratio of energy lost in a cycle of deformation to the



energy input, then the emergy appearing as heat, Q, per revolution of

the tyre is:

Q = $fEAd° (4)
where £ is a geometrical factor related
to the proportion of the tyre
distorted at any instant in the

revolution.

Now introduce the pneumatic stiffness of the tyre so that its total

radial stiffness becomes A + Bp, equation (3), and the total load
carried is:

W= (A. + Bp)d

or

d = — (5)
A + Bp

Assuming that the mechanism of pneumatic stiffness is lossless, the

deflection given by equation (5) may be substituted into equation (4)
to give:

FHAWC

2 (A + Bp)?

(6)

BEquation (6) may be interpreted in terms of three hypothetical tyre
constructions:

‘1) a non-pneumatic tyre, when B = 0, giving:

Q=2 (6+1)
A

2) a totally pneumatic tyre, A = 0, when:
Q=0 (6.2)

3) a partially pneumatic tyre, for which:
A

(4 + Bp)°

QCC
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Before examining the consequences of equations (6) in more detail,

it is worth restating the importance of limiting the energy loss in a
tyre. This must be done for two reasons: it results in drag or rolling
resistance; and, Sf greater significance, the heat generated causes the
temperature of the tyre to rise, thus leading to polymer degradation

and fatigue. When running at constant speed, an equilibrium temperature
distribution will be reached when the rate of heat generation is balanced

by the rate of heat loss by forced convection and conduction through

" the wheel and the road. Clearly, the greater the speed, the higher
is the temperature.

With these comments, the effects on energy loss of various combinations
of the structural and pneumatic stiffnesses may be calculated using
equation (6.3). In table I, the pneumatic stiffness, Bp, for the
pneumatic tyre is maintained constant and put equal to 1.0; while the

structural stiffness, A is varied to give total stiffnesses between
1.0 and 10.0.

Table I

Radial Stiffness and Energs_r Loss

Non-pneumatic Tyre Pneumatic Tyre (Bp = 1)
Radial Stiffness Energy Loss Radial Stiffness Energy Loss
(2) (=1/8) (4 + Bp) (Equ. 6.3)
1.0 1.00 1.0 0.00
- - 1e1 0.08
1e2 0.83 142 O0.14
- - 1.3 0.18
1.4 0.T1 1.4 0.20
1.6 0.63 1.6 0.23
1.8 0.56 1.8 0.25
2.0 0.50 2.0 0.25
2¢5 0.40 . 245 0.24
3.0 0.33 3.0 0.22
4.0 - 025 4.0 0.19

10,0 0.1 10.0 0.09
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With these data, energy loss may be plotted against radial stiffness
for the non-pneumatic and pneumatic tyres, the latter with the range of
structural stiffnesses, figure 3.2. For conventional pneumatic tyres,
car, truck and aero, the structural component lies between 15% and

35% of the pneumatic stiffness component and in figure 3.2 this range
is marked.

Figure 3.2 clearly demonstrates the advantage of pneumatic tyres. At
the radial stiffness required for passenger cars and trucks, between

1«1 and 1.5 in these arbitrary units, their energy loss is less than

one fifth of that of equivalent non-pneumatic tyres. Consequently

they are able to run at much higher speeds without over-=heating. None
pneumatic tyres, as exemplified by solid tyres, can only be used for low
speed applications, such as forklift trucks, and even then they have

radial stiffnesses perhaps four times those of equivalent pneumatic
tyres to 1limit the deflection and thus energy loss.

As the structural stiffness of pneumatic tyres is increased so that they
become less dependent upon inflation, their energy loss approaches that

of non-pneumatic tyres but, as seen in table I, the total stiffness is

then about ten times that of conventional pneumatic tyres.

I1I.3 The Generation of Forces

To examine the mechanical behaviour of a pneumatic tyre further in
order to define other aspects of its mechanics and performance, the
nature of the forces transmitted or generated in the three modes must
be considered. First, the force in the radial mode is simply the load
applied by the vehicle, although, owing to load transfer during braking
and cornering, this force will exhibit transient variations. In
chapter V, the method by which a tyre carries load will be discussed
in more detail but here it is sufficient to note that the radial force

1s directed vertically through the axis of the tyre and has no frictional
component in the contact patch.

The second force to be considered is in the longitudinal direction and
is responsible for accelerating a vehicle and overcoming wind resistance.
It 1s most apparent during braking when it can result in decelerations

similar in magnitude to 'g!. This means that, in an emergency stop,
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a tyre is required to generate a frictional force comparable to the load
it is carrying. In other words, the coefficient of friction between

the tread rubber of a tyre and a dry road surface must approach or even
exceed unity. When the road is wet, an additional complication arises:
the removal of water from between the tyre tread and the road in the
contact patch. It is only when dry contact has been created that
frictional forces can be generated. To remove the bulk of the water,

a tread pattern of drainage grooves is used; whilst the elimination of
the final film of water and the maximisation of friction in the dry

contact zone are achieved by employing a rubber compound with a preferred
balance of viscoelastic properties. In terms of the tyre as a whole,

a longitudinal force is transmitted to or from the axle as a couple

but, as stated before, the compliance of a tyre in this mode is relatively
small and so need not be considered further.

The third and final force, in the lateral direction, is more complex

because its development depends upon turning the wheel on which the tyre
ig fitted relative to the direction the vehicle is travelling, reference 8.
Figure 3.3 shows, in schematic form, th€ plan view of a cornering tyre
with the plane of the wheel, ss', inclined at a small angle 6 to the
direction of travel, t. The region defined by the broken lines ‘at

and 'b! represents the contact patch, so that beyond 'a® and 'b' the
tread of the tyre is not in contact with the road. As the tyre rotates,
an element of the tread makes contact with the road at 'a' and friction
causes it to adhere to the road, so distorting the tyre laterally.
However, as the element moves further into the contact patch, the
distortion increases until it reaches the point 'c! where the restoring
force developed in the tyre overcomes the frictional force. Slip between

the tread and the road then occurs in the zone 'cb! as the tyre recovers
from the lateral distortion.

The relationship between the radial and lateral force intensity
distributions in the contact patch of a cornering tyre may be represented

by figure 3.4. Let the broken curve show the radial component, I_, plotted
against distance through the contact patch, 'ab?!, the integral of which
gives the total radial force Fx' If scaled by the coefficient of

friction (p < 1 as illustrated), the similar contimuous curve results

and defines the maximum lateral force intensity, pf,, which may be

developed. However, at the steering angles involved in normal vehicle
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manoeuvres, this maximum is not utilised, rather the lateral force

intensity develops progressively through the contact patch until
limited by the coefficient of friction. This behaviour is represented
by the solid line f v in figure 3.4, which increases linearly to the

point when it meets the curve p.fx. Slip then occurs and fy returns

t0 zero.

Clearly, as the steering angle is increased, the lateral force intensity
develops at a greater rate but slip is induced earlier in the contact

patch. Thus, when the lateral force intensity is integrated, it is

found that the total lateral or cornering force increases with steering

. angle but at a reducing rate, figure 3.5. ZEventually the maximum force
available is reached and the vehicle can no longer be manoeuvred in a

controlled manner and either a front or rear wheel lateral skid occurs.
If the tyre is also being braked and is thus developing a longitudinal
force Fz’ a proportion of the available force intensity p.fx is not

available for cornering so that control is lost at a lower steering angle.

It will be appreciated, then, that the radial force intensity through
the contact patch, the coefficient of friction between the tread rubber
and the road surface, and the radial and lateral stiffnesses of the tyre

all affect the tyre's cornering characteristics. However they are also
important in determining its wear rate because it is the slip at the
rear of the contact patch which is the prime cause of abrasion or, to

be more precise, the integral of lateral force intensity with respect
to slip distance, reference 9. Thus if the lateral distortion occurring while

the lateral force intensity distribution is developing could be lessened,
zone fact! in figure 3.3, so would the amount of slip during recovery,
zone 'cb?, together with the resulting wear. A tyre with high lateral
stiffness, therefore, wears at a lower rate under given driving |

conditions, where these are defined by the cornering forces demanded

by the kinematics of the vehicle. The latter are, of course, chosen by
the driver.

The modern radial=ply tyre with a steel cord reinforced belt illustrates
the move to high lateral stiffness to reduce wear. However its casing,
which often has a single ply radial construction, is relatively flexi'ble
compared to the four ply biassed construction used in an equivalent
cross-ply tyre. To explain this apparent anomaly, it is necessary to
consider the belt and the casing separately. To do this, the analogy
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of a beam on an elastic foundation is helpful, references 9 and 10.

To develop this analogy, consider the cross=section of a cornering tyre,

as shown in figure 3.6. Two zones may be identified, separated by the
broken line labelled !'d!. Above 'd' in the sidewalls, the tyre's

mechanical behaviour is dominated by the radial construction of the

casing, with only minimal coupling circumferentially around the tyre.
However below 'dt, the belt which has considerable circumferential
reinforcement is dominant and may be likened to a bending beam when
under the action of a lateral force. It is restrained by the sidewalls

which act as the elastic foundation. Consequently, if one imagines a

tyre cut radially at its highest point and then unrolled figure 3.7, it
may be represented by the system shown in figure 3.8, where the rigid
foundation models the rim of the wheel on which the tyre is mounted.

With the application of a lateral force intensity distribution, the
distortions shown in figure 3.9 result.

In mechanical terms, the elastic properties of the beam may be defined
by a Young's modulus (E) and a second moment of area (I) to give an
effective EI. The elastic foundation only requires a stiffness per

unit length, K, because each element along its length can be deflected
independently of adjacent elements. A complex function of EI and K
determines the cornering and wear properties of a tyre. Thus a radial
Ply tyre has a high value of EI compared to a cross-ply tyre but a lower
value of K« On balance this combination gives it superior performance. -

From the E‘esumé' of the principal features of the mechanics of a pneumatic
tyre in this and previous sections of the chapter, it may be appreciated

that a tyre is a complex mechanical device. It is against this background
that fabricless, pneumatic tyres must be assessed.
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CHAPTER IV : DESIGN METHODS

IV.1 Introduction

In any structure, it is not the overall stress distribution which leads
to failure in service but localised stress concentrations. When using,
for example, ductile materials which exhibit linear elasticity over their
working strain range, such as steel, the designer ensures that nowhere is
the yield stress approached, usually employing a safety factor of at

least 2. With elastomeric materials whose elasticity is non=linear, it 1is
not stresses per se which are used in the theory of fatigue but the stored
energy density. In the presence of a flaw in the polymer network, often
made more likely by reinforcing, particulate fillers, this energy is
available for propagating the flaw. As the flaw grows in size, more
energy is often concentrated around it, leading to an accelerating growth
rate and catastrophic failure. However, the stored energy density (W) is
a function of the stress (o) but also of the strain (e€):

. W =% ce
2 02
or W=%Ee = % —
| E

where E is Young'!s modulus which, for
elastomers, is defined as the initial slope

of the stress=strain characteristic.

Any design method, therefore, mist take into account as far as possible

the stresses to be induced in a structure. Moreover, stress concentrations
must be avoided.

Stresses are induced in pneumatic tyres, conventional or fabricless, in two
stages. PFirst, the tyre is fitted to the rim and inflated and, second, it
is subjected to the radial and lateral forces described in III.3. Ideally,
a tyre should be designed to minimise the stress concentrations arising
from both these causes but this would involve calculating the stresses 1in

an axisymmetrical body, the toroidal tyre, with both axisymmetrical and
asymmetrical boundary conditions of pressure and force.
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One method' capable, in principle, of such a complex stress calculation is
finite element analysis, whereby the geometry of a candidate fabricless
tyre is subdivided into brick=like elements of défined, simple geometry.
The behaviour of the individual elements, and their interactions with
each other and the imposed boundary conditions, are expressed as a series
of simultaneous equations. When solved, the required information on the

overall deformation and detailed stress distribution is obtained. However,
at present, available finite element methods capable  of dealing with

elastomers can only examine the section of an axisymmetrical body with

axisymmetrical boundary conditions, such as a toroidal tyre freely
inflated. This special case is explored in appendix I.

Recognising that, if finite element analysis were used, it would not be
possible to take into account the stresses caused by the external radial
and lateral forces on the tyre but only those induced by internal inflation,
1t was decided to employ the more simple shell theory as the basis for
design. It was argued that, because the stresses due to the external
forces, albeit unknown, were superimposed upon those due to inflation, the
latter should be as low and uniform as possible. Moreover, a.second
criterion was also introduced, which was that the volume of material used
in the carcass of a tyre to restrict dimensional growth due to inflation
should be minimised for any given size of tyre. Finally, the problem of
fitting the tyre to the rim was overcome by stipulating that the positions
of the bead regions when a tyre was moulded should be identical to those

when fitted to the rim. In other words, the axial separation of the beads

would be unchanged, thus avoiding the imposition of further stresses.

It 1s important at this stage to introduce the concept of an equilibrium
tyre profile, because upon this rest the design methods to be described.

If the carcass of a tyre were composed of an inextensible but perfectly
flexible material, it is said to have been moulded to its equilibrium
profile if, on inflation, its profile does not change. In this hypothetical
casey only stresses to oppose the inflation pressure are induced in the
tyre; whereas, if a shape change occurs, bending strains would be. éupexu
imposed. This definition does not limit the material to one with isotropic

elastlc properties but any anisotropy would need to be orientated and
matched exactly to the chosen profile.
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IV.2 Calculation of Stresses owing to Inflation

The carcass of a pneumatic tyre is a toroid, which means it is a shell of
revolution and thus has an axis of symmetry and a surface of double but
varying curvature. However before developing a method to calculate the
stresses induced by inflation, it is instructive to consider the simpler
case of a cylinder to determine whether the analysis should be based upon

thick=walled or thin-walled theory, the latter being better known as
membrane theory.

Consider a section of the cylinder with unit length shown in figure 4.1,
whose inner radius is a and outer radius is b. If the radial stress is
o, and the hoop stress is T then it may be shown; reference 11, that at
any radius, r, within the wall:

2
o = =iy (1= %)

- (3)
o = =P (1 +1/r°)

o b = a

To complete the analysis, it is necessary to calculate the axial siress.
If it is assumed this is constant through the thickness, the product

of the stress, G, and cross—sectional area balances the pressure force,
ie:

D 1 a8 = n(b2 - 2°) a,

, (4)
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The meridional or hoop stress, o from equations (3), and the axial stress

may now be compared to those from the well known membrane theory for a
cylinder:

m

g =<k
1

(5)

where r is the mean radius of the cylinder,
and t is its wall thickness.

It may be seen that the equations for the stresses in the thick walled
cylinder reduce to those from the membrane theory as:

a~“*bs=r

To determine whether it is necessary to use thick=walled theory for

examining the stresses due to inflation in the carcass of a tyre, or

whether membrane theory will suffice, some approximate dimensions must be
introduced into the discussion of the cylinder.

A small cross-biassed tyre, such as a 5.20=10, has an approximately circular
section of mean radius 60mm and a carcass wall thickness of about 5mm.
Using the former dimension for the cylinder, the meridional and axial

stresses were calculated for a range of wall thicknesses by the two theories.
They are listed in table II for an inflation pressure of 200 kPa.

Table 11
Comgarison of Thin and Thick=wall Theories

Membrane Theory

Thick=Walled Theory
Radius Thickness o] o) Radius Radius Max. ¢ Min. © o

m a m m a
(ry mm) (%, om) (MPa) (MPa) (b, mm) (a, mm) (MPa) (MPa) (MPa)
60 5 2.4 1.2 62.5 57.5  2.40 2.20 1.10
60 10 1.2 0.6 65.0 55.0 1.21 1.00 0.50
60 15 - 0.8 0.4 67.5 525 0.81 0.61 0.31

60 20 0.6 0.3 70.0 50.0 0.62 0.42 Q.21
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From the thick=walled theory, two values for the meridional stiress are

given : maxX. O which occurs at the inner surface when r = aj and

mine O at r = b. Membrane theory only diverges by more than 10% from
the greater of these two stresses when the wall thickness, t = b - a,

exceeds about 12mm. Agreement between the axial stresses is less good,

the difference being greater than 10% above a wall thickness of Smm.

However the membrane theory always results in the larger value and
therefore errs on the side of safety.

It may be concluded that membrane theory is sufficiently accurate for

wall thicknesses up to 12mm and that it is unnecessary to introduce the
complications of thick=walled theory.



IV.2.2 Inflation Stresses in a Toroid

Having established that membrane theory may be used to calculate the
stresses due to internal pressure in a shell of revolution whose wall
thickness relative to its radius of curvature is comparable or somewhat

greater than that of a conventional pneumatic tyre, the special case of a
toroid may be considered.

In general, the two principal radii of curvature around the cross-section
of a toroid will not be constant btut will vary from point to point. How

they vary will depend upon the exact shape of the meridian which defines
the profile of the toroid. 1In IV.2.3, means for defining the profile
will be developed but, initially, consider a single point, P, on some
toroid as shown in figure 4.2.

If the radius to P from the axis is p and the meridional angle at P is 6,
where this is defined as the angle between the tangent at P and the radial
direction, then the circumferential radius of curvature (R) is PQ normal

to the profile, that is:

R = p/sin 6

Clearly, when P coincides with the crown, C, of the toroid: R = Py

The meridional radius of curvature (r) cannot be evaluated without knowing
the detailed meridional shape of the toroid, however it is normal to the
profile and is represented by OP in figure 4.2.

Consider now a small element of the toroid at P with the principal radii
of curvature R and r, figure 4.3. It has the dimensions 631 along

circumferential lines and 652 along meridians. Let the principal tensions
per unit length, equivalent to o.t, be Nc and Nm.

The component of the forces on adb and cd normal to s 1

6;5 0s
= 2 (Nm 631 sin —?-) =N 631 2
2 r
and the component of the forces on ad and bc normal to 652
6# 0s
a y 1_1r - '_1+
2 (Nc 8s, sin ) = N 8s,,

) ¢ R
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Summing these two components and equating them to the pressure force on

the element:

s, 681
N 8 «=—+ N &g . e = p 83, Og
m 1 - c 2 R 1 2
or - (6)
P =—+—
r R

This is the relationship between the direct tensions per unit length in
a doubly curved membrane subject to a pressure. Alone, it is not
sufficient for calculating N, and Nc, knowing p, r and R.

To provide the additional information required, use must be made of
another important and fundamental dimension of a toroid : the radius to

the point of maximum width, M, shown as Py in figure 4.2.

Consider the ring of the toroid bounded by the circumferential lines
passing through M with radius P and through P with radius p. The force
on this ring in the axial direction, Fp, is given by:

2 _ 2
Fy= 1 (p° = p. %)

and it is balanced by the meridional tension around the boundary through

P because the tension at M acts in the radial direction and has no
component to oppose Fp- Thus:

2 2
Fpu2ﬂmesin9=np(p -pm)

or
2p Nm sin 6

Civen the geometry of a toroid, equations (6) and (7) allow the

determination of the principal tensions per unit length at all points
on its surface.
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IV.2.3 gefinition of .Meridional Profiles

A rumber of approaches to defining, mathematically, the meridian of a
fabricless, pneumatic tyre were developed in order to investigate the
suitability of various profiles for containing the inflation pressure and
meeting other mechanical requirements. The first two are based upon
geometrical considerations, while the third and fourth use the analogy of
a conventional cord-reinforced cross—biassed tyre and related constructions.
However in all cases, it was stipulated that there should be no siep
changes in either slope or curvature around the meridians. The first of
these criteria is self evident, while the second is the direct consequence
of equation (6) and precludes the use of adjacent circular arcs, a common
engineering practice for representing complex curves. Equation (6) relates
the membrane tensions to the inflation pressure and if, at some point,

there is an abrupt change in curvature, there will be a likewise change
in tension. This would cause the carcass of the tyre to change shape
until the tensions at the point were equalised and this would introduce
additional, unnecessary strains into the structure.

IVe2¢3.1 Circular meridional profile

The most simple meridional profile for a toroid is circular with radius r
as shown in figure 4.4. If the toroid is positioned relative to its axis

so that its centre and point of maximum width (M) are distance p_, then ihe
radius to some point P with meridiocnal angle 6 is:

p=pm+r-sin9

Equating the forces in the axial direction on the ring of the toroid
bounded by circumferential lines through P and M, as explained in IV.Z2.2.

mp ((p, + r.sin 0)° - pmz) = 2 (p, + r.sin 8) N_ sin @
which gives the meridional tension per unit length at P:

pr (2;)III + r.sin 9)

N, =

(8)

é (pm + r.sin e)

where p is the inflation pressure.
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Now the circumferential radius of curvature at P is:

R=r+pm/sin9 (8)

and substituting for Nm and R in equation (6) gives the circumferential
tension per unit length:

N_ = 2L (9)
2

Equation (9) shows that Nc is constant around the profile and therefore
constant over the entire surface of the toroid because of its axisymmetry.
The meridional tension, however, is a function of the meridional angle,
equation (8), and to indicate the variation to be found, approximate
mide~wall dimensions based upon those of the small cross—=biassed tyre,

size 5.10=10, were used:

radius to crown 240 mm;
gsection width 130 mm;
radius to bead 130 mnm.

With reference to figure 4.4, these data give:

r=65m; P =175m; py =130 mm;  (p, = 240 mm)

where pb is the radius ‘to the terminating
point of the toroid which, for a conventional
tyre, would: be just outward of the bead wire.

At p = p,, the meridional angle (8) is approximately =45 .

For an inflation pressure of 200 kPa, table III lists the meridional and
circumferential tensions per unit length from the crown, where 6 = 900, to

beyond the terminating radius, 6 = -500.
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Table I1II
Tensions/Unit Length in Circular Section Toroid

Meridional Angle Meridional Tension Circumferential Tension
(s, °) (Nm' XN/m) (Nc, kN/m)
90 11.24 6.5
70 1132 6.5
50 11.56 6.5
30 11.98 6.5
10 12.61 | 6.5
-10 13.45 6.5
-30 14.48 6.5
-50 15.59 6.5

Now to limit the growth of a tyre due to the inflation pressure, and thus
limit the strains, the product of the Young's modulus of the carcass
material and the wall thickness must be sufficiently high at all points
around the section. From table III, it may be seen that for a homogeneous
construction the wall thickness should be a minimum at the crown and a
maxirum at the bead, the difference being about 28%. If a uniform wall
thickness were employed, it would need to be sufficient for the bead
region and therefore excessive at the crown, thus using unnecessary
material. Moreover, as explained in chapter III, a tyre's carcass should

be relatively stiff below the tread to enhance cornering power but
flexible in the sidewalls. The fabricless tyre with a circular section

reverses these conditions. Also it should be noted from table I1II that
the tensions Nm and Nc are in the ratio of about 2 to 1 and this has
implications to be discussed later in the chapter.



IV.2.3.2 Meridional profile from combined arcs

From the examination of the consequences of a circular meridional profile,
it may be inferred that it could be advantageous to use arcs of different
radii for the region of the carcass below the tread and for the sidewalls,
the former being greater than the latter to give relative stiffness and
flexibility respectively. However, as stated in IV.2.3, there must be

no abrupt change in curvature when passing from one regicn to the other.
Consequently the following geometrical construction was developed.

With reference to figure 4.5, the radii to the crown (C), Pge and to the
point of maximum width (M), P,y aTre first chosen. The meridional radius
of curvature of the carcass below the tread, Ty is then defined and an
arc CE constructed to a point E where the half width is X, An elliptical
arc 1s then fitted between E and M such that it has the same slope and
curvature as the circular arc at E and a tangent normal to the axis at M.
By this means, the half width of the profile at M is calculated, together
with the meridional radius of curvature at this point, Ty Finally, a
second circular arc with radius r, is drawn from M to the terminating
point B. The latter may be defined by its radial distance from the axis,

Py, as shown in figure 4.4, or by the angle B in figure 4.5. The second
definition was used.

Altogether, this method of defining the meridional profile of a fabricless
tyre requires five parameters:

Py? the radius to the crown;

Py the radius to the point of maxirmm width;

Ty the meridional radius of curvature at the crown;

X, the half width of the carcass below the tread;
and B , the terminating angle adjacent to the bead.

The derivation of the equation for the elliptical arc EM is given in
appendix 17T,

To determine the gecmetry of a profile defined by combined arcs and the
tensions induced in it by some inflation pressure, a simple computer

program (FTCPR) was written and is listed in appendix III. The calculations
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" are divided into four parts:

(i) the profile of the tread region, a circular arc
represented by 8 equally separated points;

(11) the upper sidewall, which is elliptical and calls
the subroutine CONIC (and SOLV) to fit the arc and to

calculate the co—ordinates of 15 points arranged at
equal increments of radius from the tyret!s axis;

(iii) the lower sidewall, which is circular and represented
by T equally spaced points;

and (iv) the determination of the meridional and circumferential
tensions/unit length.

To illustrate this program, four tyre profiles were examined using the
following data:

radius to crown . (po) = 240 mm

width of tread region (xe) = 50 mm

radius to maximum width (pm) = 175 m

terminating angle (B) = 40° =
meridional radius of tread region (r1) = 65, 75, 85 and 95 mm
inflation pressure . (p) = 200 kPa

Thus only one of the five defining parameters was varied.

The profiles of the four tyres are shown in figure 4.6, where it may be
seen that the section width increases with the meridional radius of
curvature below the tread. There is also a small increase in the
terminating radius. The aspect ratios of the tyres, defined as the section
height divided by the section width and expressed as a percentage, are:

profile no. 1 (r‘l = 65 rm) 88 %
2 (r1 = 75 mm) 5 %
3 (r, = 85 mn) 67 %
4 (r, = 95 m) 61 %

Thus the method allows tyres of any desired overall dimensions to be
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defined, from the circular section of profile mmber 1 (noting that

Py = Pp 65 mm = r1) to the low profile of mumber 4. However, as
emphasised before, a profile must be judged by the tensions induced in
it by the inflation pressure.

Typical output from the computer program FIGFR is included in appendix III
(for profile no. 2). In addition to the geometrical data: x, y co—ordinates
(X, Y), meridional angle (A = 6) and the principal radii of curvature

(RCM = r, RCC = R): the tensions per unit length in lcN/m are listed

(SM = Nm' SC = Nc). These are plotted against meridional angle in figure
4.7, where 90° corresponds to the crown and -50° to the terminating point.

As discussed before, the circular profile, number 1, has fairly uniform
levels of N and Nc which are in the ratio of about 2 : 1, the circumferential
tension being the lesser. As the aspect ratio is reduced, profiles 2 to

4, a clear pattern emerges for this tension, although th; meridional tension
remains fairly uniform and with approximately the same magnitude. At the
crown, Nc exceeds Nm by an amount which increases as the aspect ratio
decreases. It then rises to a peak at the edge of the tread region (::e)
before falling to reach a fairly constant level of about 5 kN/m, half the

magnitude of the meridional tension, in the lower sidewall regions of the
tyres.

In terms of inducing fairly uniform tensions throughout the carcass of a
fabricless tyre, it may be concluded that none of those defined by
combined arcs is acceptable. Moreover, the lower the profile, the greater
is the variation and the higher is the ratio of the two principal stresses
in the crown region of the :I:yres. However, compared to the circular
profile, any thickness variations introduced to cope with the tensions can
be arranged to place greater stiffness in the crown region where it is
required.



06— ot~ Ol= ot 0t 05 0ol 06 ot— Ol- ol 0t 0S ol 06

0
(o) °13uy TBuoTPTIeN Lop eandrg
O

N
0
N
o o O_‘
- = U= R, T TV OO e O o - - e - - nm Jam -
Ez Qlllol.l.lub It Q o- Lullb...llo.u.l..o o=
oL m ..........b...........o...
N - -
_..l....o.l m_‘
>- = o e L/ 10)

\noamcoe



- 4] -

IV.2e303 Profile based on the analogue of a cross—biassed construction

The third design method considered for fabricless tyres is based upon
the well established theory for the equilibrium shape of cross-biassed
tyres (refs.12 and 3). In this it is assumed the tensions induced in
the carcass by the inflation pressure are entirely taken by the reinforcing

cords. Consequentl& there is a unique relationship between the principal
tensions per unit length and the bias angle.

Let figure 4.8 represent a pair of cross~biassed plies at some point in

a tyre. Each ply consists of parallel equi-spaced cords in a rubber
matrix and the bias angle, @, is measured relative to the circumferential
direction. If the element shown is a unit square, T is the cord tension

and n is the end count (mumber of cords per unit length normal to the
cord.s), then the principal tensions per unit length are given by:

Nc =T cos en COS O = T 0032 o

and Nm = T sin @den sin a = nT 31112 o

Nm 2 -
thus — = tan“ « (10)

Ne

Now it has already been established that the relationship between the
inflation pressure, p, and the principal tensions/unit length is:

N N

P=—+—= (6)
r R

where r and R are the principal radii of curvature; and that the
meridional angle, 9, may be introduced through equation (7):

2p Nm sin ©
P = —pg——— (7)

However, to complete the information to develop the theory, it is
necessary to define how the bias angle varies around the meridian.

In chapter I, it was explained that a cross-biassed tyre is built in the
form of a cylinder or drum before being shaped into a toroid. In the

theory, it is assumed that, during this shaping process, the cords do not
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slip over one another but trellis. Figure 4.9 shows an axial view of a

shaped tyre with representative cords drawn within a sector.

Now the mumber of cord intersections in a complete circumference at any
radius p is constant and equal to N, where N is the total mmber of
cords in a ply. Thus, with reference to figure 4.9:

ab = 2np1/N
(11)

cd = 21'1'92/N etc.

Consequently, the angle subtended by any pair of adjacent intersections
is given by:

210 217

Np N

s0 that intersections at different radii lie on radial lines, such as Oh
and Oj in figure 4.9.

If @, and o, are the bias angles at radii p, and p,, and if {rellising
occurs so that the meshes of the net formed by the biassed plies have

sides of length s, then:

ab = 23.C08 «

1
(12)
cd = 25.C08 02
Combining equations (11) and (12):
cos « am cos o 21T
1 2
p1 2Ns 92 2Ns
cos cr1 cos cr2
Thus = = etc. (13)
01 02

This is the well known cosine rule.

Equations (10), (6) and (7) form the basis of the theory developed,
particularly in reference (13). It is shown that the meridional radius
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of curvature, r, is:

r = b | (14)
dA/dp

2 2
whereBnpm -po
o
2
2 2 © cot€ «
and A-(pm-p)erpj =
D P

dp

For drum built cross—biassed tyres, the integral may be evaluated using
equation (13) to give:

2 2 2 2 2 \k
p, sina_ (p_“ =0 ) (p,~ = p" cos™ a )

- ———————— e (15)
’ pl2p ~ - cos® o (3p° - pmz) ]

Equation (15) expresses the meridional radius of curvature, r, for any
value of the radius from the axis, p in figure 4.10, in terms of:

po - the radius to the crowm

p.. = the radius to the point of maximum width

m

and a, - the bias angle at the crown.

Unfortunately, it is not possible to derive a similar expression for
tyre width at any radius because an integral which cannot be solved
analytically results. Nevertheless, equation (15) may be used for the
same purpose by utilising a geometrical construction. This is the basis
of the computer program BTIR, listed in appendix IV.

If for some chosen profile, P,y P, and @ are defined, the construction

starts at the crown point where p = p_. From equation (15), the

meridional radius of curvature at that point (ro) may be calculated. With
reference to figure 4.11, a short arc CC1
angle decreases the meridional angle by 6. With axes x and y whose origin
is at C, the co=ordinate of point C

may then be drawn whose included

1 ares

::1 =T, sin &

(16a)

3’1=r°-r°cosb
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The radius to point C1 is now known:

Py = Po = T4
so that, using equation (15), a new meridional radius of curvature may

be calculated, r
6, to give:

1° A second arc is then drawn to 02 with included angle

X, = T, sin26+(r°-r1) sin 6

(16b)
Yo = Tg = [r1 cos 28 + (ro - r1) cos 61
and 92 ® po e ;Y2
Following this procedure, the co—ordinates of the third point C3 are:
x, = T, sin 3¢ + (:5l -T,) sin 28 + (r_ - r1) sin &
(16c)

F3 = I'o - [r2 cos 38 + (r1 o r2) cos 28§ + (ro - r1) cos &J

with p3 =P, = Ty

It can be seen from equations (16) that a sequence of calculations is made
which, for some point Cn' are:

o
X ,q =T, sin nb +Z (r 1-rm) sin (m = 1) &
e (17)
o
Tt = To = [I‘n cos nd +Z (rm__'1 -1 )cos (m=1) 61
=n

Expressions of this form are ideal for a computer program and are
implemented in the subroutine PROF, called by program BTPR (appendix IV).

To determine a suitable value for the included angle (5)', trials were
run with an earlier version of BTPR. With & = 50 and 2.50, the differences
between the calculated co-ordinates, x and y, were less than 0.5%.
Consequently, 8 = 5° was used for the final program.
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The theéry and its implementation so far may be summarised as follows.

A cross-biassed tyre profile is defined by three parameters: p s the
radius to the crown; P the radius to the point of maximum width; and

a the bias angle at the crown. In additinn, the terminating point must
be specified by either p, or B, figure 4.10. However, these four
parameters are not ideal because, when designing a fabricless tyre, a
particular section width will be required. Moreover, there is no
guarantee that the meridional angle at the specified terminating radius

will be acceptable, or vice versa. Consequently, it was decided to
replace the four parameters:

Pyr Ppr @, and Pb/ﬂ .

by= PO' We p'b and B' where w is the prOfile width.

These specify a profile in a way which is more useful for the purpose.
Otherwise, design would be very much more one of trial and error.

The method by which program BTFR arrives at a required profile uses the
following algorithm.

(1) In addition to the parameters: P,
an estimate or guess for P is input together with upper and lower limits
of the crown bias angle. |

y Wy pb and Wy

(ii) Using the two extreme values of bias angle in turn, the
tyre profile from the crown to the point of maximum width is determined.

If the width is not within 0.1 mm of the required value, w, P, is adjusted
by simple proportion:

" (po - pm)

? = * -a
Pa' = Pq

m !

where w! is the calculated width and pm' is the new value for P The
calculations are then repeated.

(1ii) Having obtained upper profiles with the required width,
the lower profiles are determined to the point where the terminating angle
is Pe Using the two bias angles, two values for the terminating radius,
Py are obtained.
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(iv) The values of p, are compared to the required value and
a third bias angle calculated from: |

CY3 = CI"1 + (pb - pb') (02 - Q'1)

(pb" - pb)

where cr1 5, 3 aTe the values of @, and pb', pb" are the two calculated
| ?
values of the terminating radius.

(v) The complete profile is now redetermined using the new

bias angle and the calculated value of Py, compared to the required value.

If it is within O.1 mm the program is terminated. Otherwise cr3 is
substituted for @, or @y depending upon the value of Py

1
This procedure, using a double iteration, works successfully when the
initial values for the crown bias angle encompass the final value. However,
if this is not the case, a solution cannot be found and a simple test

using pb' and pb" terminates the program and outputs a message to the
effect that the bias angle range is unacceptable.

-

Having calculated the required meridional profile, program BTFR then
determines the principal tensions per unit length for each pair of
co~ordinates. For this, equations (7) and (6) are used.

To illustrate program BTFR, the following data were input:

radius to crown (po) = 240 mm

section width (w) = 130, 150 and 170 mm
radius to terminating point (pb) = 130 mm

terminating angle (B)* = 40 ©

inflation pressure (p) = 200 kPa

(* the program requires the absolute value of the meridional angle at the
terminating point, ie. 90 = B).

Thus three profiles were sought, differing only in section width, and
their principal dimensions are listed in table IV. Section drawings are

shown in figure 4.12, while a typical ocutput from the program is included
in appendix IV (profile 1B).




- 55 =

(ww) YIPTM JTEH

ocl 08

gt e[1304d

1%

ocl

He el1joad

ov

ocl

gl elrJoxd

ob

2Ly eandtg

oV

00¢

ove



Table IV
Princiml Dimensionsof Cross—biassed Analogues

Profile 1B Profile 2B Profile 3B

Bias angle at cromm (°) 45.01 38.35 34.67
Radius to crown (mm) 240.0 240.0 240.0
Radius to max. width (mm) 178.5 175.6 1737
Section width (mm) 130.0 150.2 17041
Radius to term. point (mm) 130.0 . 129.9 130.0
Width at term. point (mm) 83.4 106 .6 '"128;6
Aspect ratio (%) 85 T3 65

As the section width is increased, so that the aspect ratio decreases for
these pro;‘iles of equal height, the required crown bias angle of the cross—
biassed analogue decrea‘ses. The radius to the point of maximum width
decreases slightly, by about 5 mm, while the width at the terminating

point increases more than the section width (45.2 mm cf. 40 rm). The

last dimension determines the size of wheel on which a tyre is mounted.

The principal tensions per unit length for the three profiles are shown in
figure 4.13. It may be seen that there is a similar pattern to that
exhibited by the profiles constructed from combined arcs. Thus, as the
aspect ratio is decreased, the circumferential tension (Nc) at the crown
increases rapidly but, in the lower sidewall, this tension is only a
fraction of that in the meridional direction (Nm)‘ However the changes

in both tensions with meridional angle are smoother than those from the
combined arcs (figure 4.13 cf. figure 4.7).
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In the preceeding settion, the analogue of a cross—biassed construction
was used to define meridional profiles and the cord path selected was that
of a drum tuilt tyre, the cosine rule. However, any cord path could have

been chosen because the reinforced tyre is not going to be mamfactured,
it is only a mathematical convenience.

Another cord path of interest for designing fabricless tyres is one where
the bias angle (@) is constant along all meridional and circumferential
lines, in particular when o = 450. For this case, from equation (6):

NmnNc

that is, the principal tensions per unit length are constant and
equibiaxial over the entire surface of the toroid.

As noted in reference (3), o = 45° corresponds to a surface of minimum
stored energy and gives the shape of a toroidal soap tubble. Also stated
is the possibility of obtaining an expression for the toroidal width as

a function of the distance from the axis using elliptic functions, thus
avolding the geometrical construction method necessary for drum uilt

tyres. However the latter method is equally applicable and, for ease of
computer programming, was utilised in the research for any value of «.

Now, from equation (14), the meridional radius of curvature for any cord
path is:

B
dA/dp i

I* ==

(14)

' 2 pc’co'czcr
andA=(pm-p)epr. dp

D P

In fact, B is a constant, while the evaluation of A reflects the chosen
cord pathe For constant angle:

put C = cc:u‘b2 o4
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so that:
Po
A= (p° = p°) exp[cj 1 ap ]
p
P
2 2 c
= (p," =) (p/p)
Substituting in equation (14):
2 2
p S =p
r = = = ' (18)

cp, P /P + (2 = o)p o0

In appendix V, computer program FTCAPR is listed. It uses equation (18)
in conjunction with the geometrical construction represented by equations

(17). Again a double iterative algorithm is employed to obtain a r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>