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Introduction

In this work, a study has been made of the particular example
of a composite material formed by the filament winding process from
filamentary gless reinforcement and epoxy resin matrix.

Mankind has made use from the earliest times of composite
materials where enhanéed properties of some kind were required.
Straw was certainly used by the Israelites in 800 B.C. to make
bricks which at a compressive strength of 10600 lb/inz are about a
quarter of the strength of modern fired bricks, The use of glass
fibres is nearly as old as glass itself. In Egyptian times in a
manner curiously anticipating . filament winding, glass vessels were
made by winding fibres onto a suitable core, heating so that the
fibres melted into one another and after cooling, removing the core.
The use of circumferentiazl wrappings to increase the strength of
certain structures too is not new. Hrappings of wire were used
around cannon barrels in the early days of ﬁeaponry to prevent them
from bursting, a use that is paralleled today by the wrapping of
glass filament windings around lightweight shot_un bvarrels. The
acceptance of composite structures for applications recuiring ultimate
structural performance is however recent and unique.

The impetus for the development of the filament winding process
may be said to stem from the field of aerospace research. The
development of new structures is always of particular importance to
aerospace applications, where the requirement to minimise structural
welght is always present. Fillament wound pressure vessels for space

applications have been shown to be highly efficient structures but



their potential as structural members for general application has
not becn widely appreciated. . As a resultl of the evolution of
this process, however, filement wound stiructures which possess
very hizn specific strength among their other attractive tfeatures
are currently being considered for wider applization.

Normally, the strong reinforcement fibres are embedded in a
softer matrix so that the fibres become the major load carrying
element and the matrix acts as a load transmititing medium. High
strength levels are possible if continuous fibres are employed,
eliminatling the sitress concentrations that would occur at the cut
ends of the fibres, The efficiency of the structure may be
inctreased by the appropriale orientation of the fibres along the
direction in which maximum strength is required. In structures
where this is not possible, placing the fibres at some angle to
the principal stress and varying the angle between layers permits
a balanced structure to be achieved.

Technically, the complexity of multi-phase systems only
became apparent with time and meanwhile, investigations were carried
out which in retrospect-often were seen to lack control over
variables. Uver a large range of properties, the short term
benaviour oif glass-resin composites can wve accounted for in terms of
the properties, relative quantities and geometry or orientation of
the reinforcement. The long term properties are complicated by the
creep behaviour of the resin. At the present stage of development,
a large range of desirable mechanical, electrical, chemical and

other properties can be obtained, however the very existence of a



large ranze of possible ways of combining glass fibres and resine,
the available choice of glass fibre compositions aﬁd reinforcing
materials and the largs number of resins, makes a clear understand-
ing of the design reguircments anda how to obtain ithem more crucial
than with traditional materials,

Filament windinyg then, is a process for forming reinforced
plastic parts of high strength and lizght weight and is carried out
on a specially designed machine where the precise conlrol of the
winding pattern and orientztion of the filamenls required for
maximum strength can be achieved. The design of such & machinc
has formed part of the present work.

Filament winding has the advantage that a fivre can he
oriented to give the component both high strength and stiffness in
the directions required and is of particular use for surfaces of
revolution. Design analysis dictates the winding patifern employed
and a review of the method of analysis of filament wound structures
is made. Winding procedures exercise great importance in the
final strength of the end iten. Attention is paid to this as
part of winding and a special study is made of the problem of wind-
ing in the vicinity of the ends of a cylindrical tube without
disruplion of the winding pattern.

As the filament wound vessel mey consist of many layers of
different filament orientation and is in general anisotropic and
heterogeneous, the measurement of strain therefore presents a
problem. Since the load carrying ability of a filamentary

.

structure depends to a largs extent on the loadins conditions in



the Tibres, a knowledge of the strain in the structure in ths
direction of the fidbres would be desirable, 4 study has been
made of the usce of {ine resistance wirve inlegrally wound wilh

the glass reinforcement during manufacture of the member for this
purpose.

Internal pressure tests_were performed on three hoop wound
tubes using test apparatus designed for ihe purpose to assess
experimentally the use of this resistance wire and to determine
some elastic property data for thie H.glass - cpoxy resin

filament wound composite material.
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CHAPTER 1 FPilament Winding

Filament wvinding is a fabrication technique for forming
reinforced plastic parts of high strength snd light weight, the
construction and properties of which can be controlled to very fine
limits, The structures so formed are a perticular example of the
new class of materials in the field of materials science broadly
termed Composite Materials. A composite material may be defined
as a g0lid which is made by vhysically combining two or more
existing materials to produce a maltiphase system with different
physical properties from the constituent materials, In the case
of filament windings, the composite structure is made by exploit-~
ing the remarkable strength properties exhibited by continuous
fibres or filaments of reinforcement materials encased in a matrix
of some other material,

This gystem thus is one of two continuous phases i.e. matrix
and reinforcement, unlike for exesmple the other end of the spectrum
vhere the matrix provides a conitinuocus phase and the reinforcement
a dispersed phase, as in resins incorporating chopped strand glass
mats. The high strength to weight ratio of filament wound
" structures is attributable largély to the reinforcement while the
matrix is very important in defining the response of the composite
material to applied load conditions,

Of the potential reinforcing elements of interest that can be
expected to be available as fibres in at least exverimental

quantities in the future, the majority have values of Young's



Modulus ¥ in the range 40-60 x 106

lb/in2 although values of
E greater than lOOxlO6 1b/in2 are possible. The most
available and proven reinforcements, tungsten,steel, glass end
carbon, are also the lesst efficiént in specific terms with

B
values of /p of less than 100 where ¢ is the density. The
highest ratios are for the currently available fibres of elements
such as boron, graphite and beryllium and some refraclbories such
as alumina, silicon carbide and beryllium oxide. Although E/p
ratiog of over 1,000 are possible, the problems of reliability and
consigtency of properties have to be recognised, Elagtic proverty
data quoted in references are bascd on some specific test con-
ditions snd must be viewed with caution. Aside from tungsten and
steel, the densities of most fibres fall in the range 0.067 - 0.145
lb/ina. In general terms, the variation of strength values for
Wwire may be 5 - 10% for any one diameter which are fairly consigt-
ent and reliable properties compared to the surface and structural
defects found in meny whiskers. (Refs 1)

Glass and boron are the two strongest common fibres available
in large quantities. Glass 1g inexpensive and low in density,
stiff, chemically resistant and capable of modification in
composition. Glass however does suffer from static fatigue i.e.
loss of strength when stressed for long intervals of time, Boron
matches glass in strength properties but is five times stiffer,
only'being equalled by beryllium whose tensile strength is however
much less.

Steel wire has been studied and ultimate tensilie strengths of

6 x 1O5 1b/in2 with a value for Young's Modulus of 26-30 x 106 lb/in2



for a 0.003" wire have been obtained. Thege wires are notb
unusually brittle nor prone to abrasive damage and so may be more
easily processed for filsment winding than gless for example.

With careful choice of matchins mateix system 7055 of the U.T.S. of
the fibre has been realised by the composite so formed. (Ref: 2).

In the course of this study, usc only has been made of E-glass
fibres as reinforcement and epoxy resin as a binder and each phase
of the composite material formed by the winding process will now
be considered with special reference to an H~glass ~ evoxy resin
system.

In reality, glass resin systems must be considered to be a
nmultiphase system since they incorporate not only the two main
phases (glass and resin) but slso the "interphase" consisting of
the glass and resin surfaces and the keying agent (also known as

the "finish" or "size") between them.

The Individual Phases (Ref: %)

Reinforcement

Nearly all materials in the form of fibres exhibit the
increased strength and the same dependence of strength on size.
However there may be geveral different reasons for this and a clear'
distinction must be made between britile and ductile materials.
Ductile solids show an increase in yield strength with decreasing
gize, drawn wires exhibiting very high strengths and showing a marked
size effect. In this case, this is associated with the degree of
cold work that can be achieved and the shape of precivitate particles

produced by the wire during the drawing process, Annealing markedly



reduces this strength. The yield and flow stresses are determined
by the density and distribution of dislocations. As thé density
of the dislocations increases, their intersctions become greater
and the yield or {low stress rises. Yield stresses of 0.01E to
0.0%3E have been reported for extremely cold worked wires which had
10t - 10'7 aislocations per o’ (Ref: 1)

In brittle solids, however, such as glass, it is well
established that the strength is governed by the distribution and
severity of surface defects. The size effect in glass fibres has
been demonstrated many times and is atiributed to the decressing
number of surface defects as the surface area is decressed. (1%
is now recognised that brititle meterials in bulk form can be mede
to sustain similar stresses to thin fibres if surface defects are
carefully etched and polished away). In brittle solids, therefore,
internal perfection is not necessary for high strength. Griffiths
ascribed the fracture strengths of a sclid to stress distributions
round a flaw or crack estimated of the order of 5 pin. long under
plane strain and plane stress conditions., If ¢ is the applied
stress and 2c¢ is the major axis of the crack, then the stress value
for growth of the craclk in tension was given by CEﬁf%ggzzsz%r
where Vv is the surface energy. Thus 1t should be possible to
obtain.higher strengths for glass fibres (where ¢ is small) than for
bulk glass.

The important consequence of this theory is that fracture
strength depends on pfobability that for any given applied stress a

flaw of sufficieni size is already present - hence implying the very



large scatter of observed strengths of ceramics, and some polymeric
materials, is an inherent vroperty of the material and is not due
to experimental variations. Attermpts have been made to develop &
statistical theory of strength based upon the assumplion that the
number of dangerous flaws is a function of specimen volume or
surface area, but as this relation depends on such factors as
fabrication and handling history, etc., it is unlikely any general-
ised theory can be made to hold for all materials.

The origin of these flaws is doubtful; but it is clear that
at the glass surface the inter-atomic forces, at approximate
equilibrium within the solid, tend to rearrange to reduce surface
free energy to a minimum and owing to the nature of glass-making
the extent to which this will take place is a time and temperature
function,

To explain this it is necessary to consider what glass is.

A glass may be defined as an inorganic substance in a condition
which is continuous with and analogous to, the liquid state of that
substance, but which, as a result of a reversible change in viscosity
during cooling has attained so high a degree of viscosity as to be
for all praotical purposes rigid. The structure of glass is
therefore comparable to that of a liquid in that it possesses short-
term but no long-term order and corresponds to the structure of the
liquid at some elevated temperature.‘ This "configuration'
temperature depends on the rate of cooling from the liquid state and
the structure of glasses and therefore their properties cannot be
defined by chemical composition alone, the thermal history has to

be included.



Fibres are quenched from the liguid state to a temperature
where the structure is fixed in avproximately 1O~5 seconds; meking
it probable therefore that the fibre structure is more homogeneous
on the atomic scale than that of bulk glass. This will reduce
the size of and more evenly distribute the surface flaws. Thus
surface conditions are of dominent inportance both for the fibre
itself and for the multiphase system since they will influence the
adhesion between fibres and resin matrix, and therefore, the
transfer of stresses from one fibre to another. Studies have shown
that fibre surfaces indeed have differvent composition than that of
the bulk glass from which it was drawn, - for B glass the Na, A1
and Si cations being at the surface at the expense of the Ca ions.
The residual bonding forces of the ions in the surface are satis-
fied by the adsorption of hydrogen and hyroxyl ions at the surface
and adsorption of additional water molecules by hydrogen bonding
further away from the surface.

The theoretical tensile strength of glass based on inter-
atomic forces is 4 x 106 lb/ing. Under normal ambient conditions
glasses other than in fibrous form possess strengths between 5,000
and 30,000 1b/in2 with measurements showing large scatter. Tested
in liguid nitrogen at —19600 E-glass fibres have exhibited strengths
approaching 106 lb/in2 but under ambient conditions immediately
after fibre-drawing the strength mesasured has been 530,000 1b/in2
with a 1% coefficient of variation. While the strength figure
appears to be independent of the diameter of the {ibre and the glass'

drawing temperature, this initial fibre strength decreases



instantaneously if the fibre contacts any other body -~ the strength
drops to about half with a large degree of scatter. Exposure to
elevated temperatures reduces the strength and raises the density
indicating struétural changes taking place. It is held that glass
always breaks in tension and there is no reason why this should not
apply to glass fibres. Studies show that for undamaged fibres, a
stress corrosion mechanism will account for the felationship
between fibre tensile strength, temperature and time to failure.
The apparent activation energy of the failure process of 18,8 Kcal/
mole corresponds to the activation energy for Na' diffusion in the
glass.

The behaviour of glass fibres obeys Hocke's Law and creep is
negligible. For all practical purposes glass is a perfectly
elastic material. The value of modulus is lower than that of bulk
glass for the same composition and increasing the configuration
temperature decreases Young's Modulus progressively.

Density of fibres of glass drawn from £he melt at 1100° -
130000 is 2% below that for annealed bulk glass but is approximately
the same if fibres are drawn by softening and attenuation at about
700O - 800°C from glass rods., This further indicates the
importance of the configuration temperature in influencing the
properties.

Matrix

Since the available surface forces on glass fibres are

reduced by adsorption of water, linking between resin and glass must

proceed either by the displacement of the adsorbed water layer and



direct contact between the resin and glass, or alternatively, by
adhesion via the layers of adsorbed water. The field of resins
has been well documented and only 2 brief comment is required here.
Basically a linear polymer is formed which contains the ethylene
oxide group which because of its reactivity with water is respons-
ible for the excellent adhesion of epoxides to the glass surfaces.
They may also contain double bonds, The polymers also contsin
hydroxy groups, which upon reaction with the necessary chemical
hardeners initiate the cross linking between the chains.

The gtrength of resins is a function of temperature and curing
schedule. Below a certain temperature for each system (the
"transformation’ temperature), resins are brittle solids and,
similar to glasses, the failure mechanism is flaw initiated.

Above the transformation temperature, time dependant elastic and
viscous deformation play significant varts, initislly increasing
strength as they relieve areas of high stress. At even higher
temperatures, the sfrength decresses due to residual intermolecular
forces.

Keying Agents

These agents (also known as coupling agents or finishes) are

" organo-metallic or organo~gilicon compounds applied to the fibres
to improve the strength properties. Théy all are characterised
by possessing i) an organic group which is, at least theoretically,
capable of reacting with the resin during cure and ii) an alkoxide
group or chloride ions which resct with OH groups in the glass

surface,



Investigations have shown that keying agents are not
deposited on the fibres as a film but are disposed as discrete
globules attached to reactive sites on the surface, often a micron
apart. This leaves areas of glags exposed for attack by the
surrounding medium which could reduce the fibre strength. The
actual mechénics of their effect on bond strength is not clear
except that the keying agents most likely adhere'to the glass
surface via the hydrogen bonds of the adsorbed water.

Composgite Material

The filament winding process constitutes a technique for
combining thege phases to make a composite material, Failure
of this material depends on the ability of the matrix to limit
the perturbation of the local stress field produced by the random
breakage of fibres occuring well below the‘ultimate composite
gtrength and on the frequency of these fibre breszks. When
failure occurs finally, the resin matrix fails in shear between
layers of the reinforcing fibres, followed by the fracture of

individual fibres.

Filament VWound Composites

Filament wound composites have been successful in the provision
of ultra high strength materials.  The potential mechanical
advantages offered are related to composites with i) a high elastic
modulus especially for light, thin-wall structures ii) a high
tensile strength. The realisation of even higher ftranslation

efficiencies of the fibre properties to the reinforced composite,



will provide even more in the future the real encouragement to
apply these materials to high strength structural spplications.

Davel opuent

Reliable working strength of materialg at present emvloyed
in structures for their hichi strength proverties are limited by
the inherent toughness or notch sengitivity of 1he materials,
Reduced weight (inoreased strength) and improved reliability
(increésed toughness) are opposing properiies. The gmall
improvements achievable by better fabrication are not sufficient

to gatisfy requirements for vessels of still lower weight, and it

ig here that filament wound structures are valuable in providing

a solution.

gtrength and stiffness ratios.

wWnat is required is an improvement in the specific

Material plb/j.n3 B 1b/in®  UTS 1b/in2 “/p in. Ul§ﬁ> in.
Aluminium 0,097 10.0x10°  6.00x10% 1.0%x10° 0.62x10°
, Alloy 6 4 8 6
Titanium 0.160 17.0x10 9,00x10 1.06x10° 0.56x10
' Alloy 6 4 8 6
Steel 0,280 30,0x10°  18.00x10 1.07x10°  0.64x10
Hickel Alloy {0.280 31.Ox106 16.00:10% 1.11:10° 0,57x106
& glass 0.092  10.5x10° 32.50x10%  1.18x10° 3.54x10°
HTS-1 glass {0,092 10.5x106 35, 20x10% 1.18x10° 3.82x106
Glass 0.074 7.Ox106 16.35x10% 0.95x10° 2.20x10°
Compoglte 6 4 8 6
Boron fibres | 0.091 64.0x1.0 50.00x10 T.00x10 5.50x10
Carbon fibres] 0.051 29.Ox106 5O,OOX104 5.7OX108 9.9Ox106

(Refs: 2, 4, 5).



It will be seen from the table that very little difference
exists between the ratios for the more common structural materials
used, For any substantisl improvement in material properties,
it was necessary to consider completely new materiels for structural
components e.g. composite materials wsing high strength reinforce-
ments. From the technological aspects, reinforced plastics can
compete with steel and titanium on a strength to weight basis.

The combination of I glass and epoxy resin to form a high
strength composite is perhaps fortuitous, I glass was developed
in the 1920's as a result of a requirement for an electrical
insulation tape capable of withstanding high temperatures.
Independent of this, patents appeared in the 1930's for thermoset-
ting resins which could be polymerised without heat and pressure.
Combined with the glass fibres, a high-strength light weight
material was produced. The filament winding process was developed
to enable designers to take advantage of the high tensile strength
of the reinforcement along the length of the fibre. With the
advent of space research progrsmmes where the high performance
penalties exacted by even a very small increase in weight of the
vehicle made the development of the most efficient strength to
weight ratio structures of prime importance, the interest in the
possibility of using these high strength properties of filaments
in a precise manner to fabricate structures whose properties were

essentially tailored to suit, grew.



Filament Winding in Pressure Vegsels

The requirement initially was to desipgn and fabricate
lightweight high strength pressure vessels, and 1he hasic design
method to orient the fibres in the directicn of the principal
stresseg and proportion the number of fibres with respect to the
size of the stresses, to take advantage of the orthotropic
behaviour of the reinforcement. In structures where it is
geometrically impossible to orient the fibres precisely in the
direction of the principal stress, they are oriented al some angle
with i+t. The aim is to achieve a balanced structure under load,
i.e. one in which the fibres oriented in any direction in the
structure have equal stregs applied to then under a load, In
the analysis of reinforced plastics, it is necessary to assume that
the two materials strain egqually and thus that a good bond is
obtained between glass and resin.

To meet the requirement for filament wound pressure vessels,
the netting analysié was developed to enable vessels to be designed
according to applied loading. In this aporoach, several assumptions
were made. i) The glass and resin were both homogenecus and
elastic.

ii) The glass was anisotropic.

iii) The resin was assumed to have no load carrying ability, acting
only as an agent for evenly trensmitting the stress throughout the
filament wound structure.

iv). The maximum allowable strain of the resin was greater than

that of the glass fibre.



The basis of this theory may be shown as follows. (Ref: 6),

Consider a system of parallel fibres as shown in the figure.
)
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It is required to calculate the force per unit length in the

1l end 2 directions. Let n/? be the number of fibres/unit length

normal to the line AC and let T = the tension in ecach fibre. T
may be resolved into components in the 1 end 2 directions.

Ty

T2 = Tein O,

The number of fibres/unit length crossing the lines AB and BC are

Tcos O

il

n cosg, and n sinc% o Therefore the force per unit length in the
1 and 2 directions is given by

2
1 nT cos G,
(1.1)

. 2
5 nT sin G
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These equations were the fundamental equations from which the end
dome shapes of the vessels and the winding pattern could be obtained.

There were three points to note in the use of the netting analysis.

20



1) The forces Nl and N2 were not independent but are related

by the winding angle T = tan U (1.2)

b iy
vessel

This reguired the ghape and filament path in the pressure,to be
such that this relationchip betwesn the orincipal membrane forces
and helix sngle was satisfied.
2) Since the tension in each fibre is assumed to be éonstant
and the resin strength is neglected, the filament paths must lie
on geodesic paths.
%) Het structures were statically determinate and no elastic
constants were necessary to determine stresses.
In & thin-walled circular cylindrical pressure vessel, 1l direcctions
1 and 2 represent the longitudinal and hoop directions, under
internal pressure loading, the hoop stress ig ftwice the longitudinal
stress. Therefore in order to obtain the theoreticsl maximum
strength to weight ratio, ’t‘,‘anzcto =2 i,e. o = 54.750, and &
winding pattern should be employed using this helix angle. Original
vessels were made with this angle of wind employed but, as design
models evolved and structural tests were conducted, it was found
that in order to achieve the moximum efficiency different winding
patterns had to be used. The mosgt serious disadvantage of the
netting analysis was that in many practical cases it was impossible
to wind on geodesic paths at the desired angle from geometrical
congiderations, e.g. when the polar openings had different redii.

Three methods of winding emerged in the course of develoovments -

polar, circumferential and helical.

21



Polar winding is in effect & low helix angle wind deternined
by the end opening dimensions. The rovings are laid down
continuously without the crossovers inherent in s helical vattern.
The polar windin. creates the basic end comes, and provides the
longiltudinal strength required. In conjunction with poler windings,
high angle (%900) hoop windings are applied to provide the necessary
hoop strength properties. These may also be added as local hoop
reinforcement 1o areas where extremely high hoop strength properties
are reguired. Helical winding at 54¢750 can be applied in place of

both the hoop and polar winds. The three types of winding are

shown diagrammatically below,

\ RIS *‘:3

TR TN

N

POLAR HOOPR HELICAL

The actual design pattern to be used is dependent on faciors such as
overall dimensions, types of end closures, materials of construction,
type of wihdiné machine and load requirements. For those
"applications where integral ends are required or where balanced
properties in more than one direction are required helicel windings
are usually employed. Depending on fhe ratio of mandrel rotation
tp feed rate, the reinforcement may be laid down at angles anywhere
between approximately 20 and 88 degrees. No extra longitudinsl
material need be laid down since the low angles of winding possible
enable the reinforcement to be laid down to withstand the longitudinal
loads.
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Filament Winding for other than Pressure Vessels.

The use of the netting analysis for filement wound vessels is
limited. With this method it is not pozsible to determine the elastic
constants for the material and hence no accurate analysis of a
filament wound structural member can be carried out. For an
orthotropic material such as glass f.w. composites the elastic
constants vary with the resin-glass ratio and with the orientation
of the filaments with respect to a certain coordinate system and in
order to determine these constants, the so-called "orthotropic"
analysis has been developed.

Utilizing this method the resnonse of the structure to various
applied loading systems are predictable and it is possible to so
design the leminate that the properties are such as is required by
the application, even for example, to the msking of an equivalent
isotropic material, The parallel development of filament winding
technigues with micro-mechanical design concepts has been vital to the

increased use of filament wound composites.

0

Any ghape can be filament wound if it can be wound undexr tension
- surfaces of revolution being ideal. Even reverse curvatures can

be produoed by specialised techniques although not at optimum strength,
and flat sheets can be obtained from flattening a large f.w. cylinder,
The inner and outer surfsceg of a structure need not necessarily have
the same configuration, although to minimise interlaminar shearing
stress effects which could lead to premature failure, wall thicknesses

are normally kept substantially constant.

Since the technigue of filament winding allows production of
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strong light parts, it has proved of particular applicetion in
aerospace, military asnd hydrospoce use and has a number of advantages
vhich makes its use o distinct possibility for the manufscture of
aero-engine and airframe components in the future. The application
of winding techniques to the design and construction ol aircreft
lifting surfaces is also under investigation and such research will
help to further reduce the whole field of advsnced composite materials
and processes to pioduction practices.

Outside the serospace industry, the filament winding process and
design capabilities are not yet widely appreciated but the translation
of the process and its apvnlication in the area of high strength
structural composites to many commercizal and industrial uses is not
improbable. It may be necessary for research efforts to be directed
to first of all providing engineering data amenable to statistical
analysis resulting from practical fabrication techniques before con-
ceptual use of filament wound composites as a class of material with
different fabrication techniques and design becomes commonplace.

M.lament Winding Procedures

It is reazlised that, in order to achieve a satisfactory strength
in a filament wound siructural member, the procedure of Qinding is Jjust
as important &s the choice of the basic materials to form the composite,
Egsentially, the factors arising out of the winding process which will
affect the strength are the maintenance of desired winding pattern, the

efficient impregnation of the fibre with resin and control of the fibre

volume fraction. It is dmportant, therefore, to acquire a machine
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capable of controlling satisfactorily these factors. Part of
the present work is the design of such a machine, the details of

which are described in Chapter 3.
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CialiaRk 2  Strensth of Cylindrical Filament-Jound Vesgels

A unidirectional leyer comacsed of o reinforcement and a matrix
may be considered as a quasi-homogeneous anlsotropic naterial, The
reinforcenent and the matrix are usually considered to be elastic,
isotropic and honogengous. One of the basic asszumptions implied by
the application of "distortional energy" conditions to such a quasi-
homogeneous anisotropic composite gubject to combined slresses, is
that there exists within the anisotropy body three mutually perpen-
dicular p1QNﬁs of material symmetry. Thig implies that the body is
really orthotropic rather than generally anisotropic fwom the point
of view of strengith.

Ylhere several layers are bonded together, the laminated
composite becomes in general anisotrovic and heterogenzous, The
strenzlh of a composite structure will therefore depend on the sirengih,
thickness and reinforcement orientation of each consiituent layer, the
strength of which in turn will dopend on the propsriies and distribvation
of the reinforceient and matrix, The material propertiss will vary
acrose the thickness of the composite so formed and the stress
distribution a@ross the composite will vary according to the relative
"stiffnesses of each layer. As a result of this, there will bz two
sets of equivalent elastic constants for the material - one associzted

with the strain of the middle surface and one set associated with

—

bending analysis -~ to be considered in the analysis of the response of
the composite matsrial to applied stresses,

A filament wound shell is usually binary end comrosed of n layers
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within which homogeneity is assuned. The shape of structure wound

e

n the course of this gtudy hos been e circular cylindrical vesezl

Fad
4

fabricated from Z-glass fibres impresnated with an cpoxy resin and
the detailing of the method of determination of the elastic constants
of a composite is now given with this structural configuration and
material in mind. Remardless of the windin:z pattern employed, each
layer, whether longitudinally, circunfcrentially or helically wound,
may be considered to be orthotropic. It will be shown that in the
case of helical winding, the two interlocking half layers laid on at
equal angles + o and ~ o to the lonzitudinal axis parallel with the
axis of revolution of the surface, are "mirror inages" of each other
and can be considered lto form a "balanced" sincgle orthotropic layer.

When g material is orthotropic; a shear stress sprlied parallel
and pervendicalar to the princinal axes gives rise 1o no direct
strains in those directions and a norwzl stress applied alons the
principal directions produces no shear strains. Thuas knowinz the
properties along the principal exes which constitutes the basic
property of a composite shell in its recponse to extoernal loads, the
properties along any other directions may be found.

With known properties of the two consituents of the comnosite,
it is possible to determine 1he elastic constants of a uni~directional
laminate in its principal directions which lie alony and transverse to
the fibre. Jere the fibres are orisnted at some anzle 'o' to the
longitudinal axie, the elastic constants of the layer with reference

to a pair of mutually perpendicular zxes, one of which coincides with

the longitudinal axis may be determined by transforuation of the

27



properiies. Where the filaments are laid at angles off + ¢ and

-~ @ as occurs in helical windinz, the elastic constants of the
resulting balanced layer with orthotropic charascteristics, whose
principal axes in this case coincide wiih the axial and circunfer-
ential directions of the cylinder msy be determined in terms of the
properties of a single layex with‘orienhed fibres. Finally where
the wall thickness of the structure is made up of a number of such
orthotropic layers, the overall eguivalent elastic constants of the
shell may bLe determined in terms of the constants for each of its
oonsfituent layers and thelr respective thicknesses.

The disadventage of this so-called "orthotropie" analysis method
is its complexity but since, unlike the netting analysis, the effect
of the matrix is included, its role in the response of glass f{ibre
filament wound composites to various loading conditions can be
determined, and their use for many structural applications where
bendingz, torsion or buckling loads, for example, may be present can
be considered on merit.

The resultant forces (N) and the resultant moments (M) per unit

lenzth for a thin welled shell of n layers is given by

n
N= 5 fo,dz
l:'l s -
(2.1)
n
= ' lo. zdz
ég% *

It can be shown therefore (Ref: 7) that the structural response
to applied external loads is described by the stiffness coefficients

according to the governing gouations of the generselised Hooke's Law.
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b]- L] (2.2
‘here EJ] is the stiffnese matrix which in general contains &8
constants. Avplying classical thin shell theory and taking into
account the plane of elastic symuettry, the number of constants
may be reduced to 6 and equation (2.1) for homoseneous layers may

be expressed as

1= . 1=1 (
. 2.3)
n n o
d <2 2 [] [Po'} 1,3 .3 [llj
ﬁ] ?;“3( i Ol~1) v Vo4 “5?%3 “i 7 95 1) CJl Ay

where &; 1s the distance measured from the coordivate surface to
p .th . ~ 0 ,
the upper face of the i layer, and | & TR A E R X i
o) ., . . . 1.

where |& ; is the strain at the middle surface and { X} i1s the

N . . Cth
change of curvature of the i layer.

Equation (2.3) represents the elasticity relationships yhich,
used together with the fundamental equilibrium eaquations or with
the energy equations with the appropriate boundary conditions make

poscible the solution of the response of the shell,

Usz of Liembrare Theory

In many cases, the deformations in thin shell problems are cuch
that the strecses due to the resultant moments (3) are very small,
These conditions, usually a:zplied to-isotropic shells, may also be
applied to thin anisciropic laminated shells 1if the layers can be

assumed 1o be symmeitrically laid about ths middle surfaces. Since

walls arc usually rade of many layers of alternating pattern, this
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assumption can provide reasonably good results regardless of whether
there are odd or even layvers. Thus the analysis of the cylinder is

gimplified to the solution of the equation
- -]
2 - L . N
Ed: f%H(Oi ”’01-1}[0]1:° 5 (2.4)
where the total strains[sji is taken as the strains in the middle

. 0 . co .
surface in place of [} 1@’ i.e. it 1lg assumed in effect that the

stress is uniformly diestributed over the wall thiclmess
i.e. W = 10 (2.5) where t = total wall thickness.
Equation (2.4) becomes
. 23 .
= . IR IR o6
t[OJ z», ‘tl ‘f)]l (g_go)

where ti is the thickness of the ith layer and [O.ll = lC]j‘[al

Determination of the Llastic Consteonts

A Unidirectional Lavewr

It is assumed that this consists of an arrvay of wnidirectional
fibres uniformly distributed in the binding matrixz. The fibres are
assuned to be circular in cross section, continuous and both fibres
and matrix are assumed isotropic and to have known elastic properties.

Since the layer has orthotropic properties, Hocokes Lazw can be
expressed with 'L' denoting the direction along and 'T' the direction

transverse to the fibre axes, as
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or in matrix form as [8]£L: [B]Eﬁ] vhere [3] is the flexinility
matrix and the subscript ¢ is used to indicate the stress and strain
in the principal directions of the unidirectional layer which will

be assumed presently to ve 1laid at some angle o to ths axial

direction of the cylinder.

The Lonzitudinal Illcdulus E. has been demonstrated by several
]

experinenters to follow closely the 'law of mixtures'.
B, = V_B. + (:l.mvf‘) B (2.8)

where Ep and Ep are the Young's lLiodulus for the fibre and matrix
respectively and v ig the fibre volume fraction. (It has been
assumed here, as is customary, thal the misalignnent factor
introduced by Tsal (Ref: 8) is egusl to unity.)

The Transverse Modulus I The results of several studies are given

in Refs 7. Good agreement between the expression used here (Ref: &)
and experimental values is reported by Card (Ref: 9) and Tsai (Ref:8)

when the value of the contisuity factor "C" is assumed to be 0.2,

By = 2[1 SRR TN Vf][(lwc) KoK, + G)) - 6 (K, - K )(1-v,)
: (ZI{m + Gm) + 2 (K, - K ) (L-v,)

vo Kp(BKy + Gp) & Gp(K - B) (L= vp) (2.9)
(sz + Gf) + 2 (Kf - xm) (1 - vf)

E B E E
where Gp =_f£ ¢ G ="m ¢ Ko=_1 L K o=Tm
£y Trv,) TR f 2(1-v) toEE)
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and the value of the contiguity factor € varies between 0 for
isolated fibres and 1 for comti_uous fibres.

Peoisson's Ratios The major Poisson's ratlo vpp characterising

the elongation in the transversze divection due to normal stress in

[

the longitudinal direction has been found to follow the law of
mixtures for the range of material properties and volume Tractions
used in glass filament wound structures to give resulis that deviate
at most j 5%: from values calculated usinz the uch more complex
relationship derived in (Ref: 8) i.e.

v Vv

Vg = Ve ovp v (Leve) vy (2.10)

i
where vf and vm are the Polgson's ratios for the fibre and matrix

respectively.

The minor Poisson's ratio v.. can be obtained from the

LT
reciprocal relation
v =y ET
LT L e (2.11)
B,

The Shear liodulug GLT may be calculated using the form derived by

Hashin and Rosen (Ref: 10) incorporating Tsai's Contiguity Factor C

= - Ge v O 4 e -0y 7 .
w0 L blefeo i o

<4

[zsf - (Gi - Gm) vf]

f
£
[2@ + (G -G)VJ

C m m_ f . Ggo (2.12)

The Elastic Constants for an Unidirectional Laminate Oriented at an

Angle o

If the reference coordinate axes of the externzlly spplied

stresses is other than along and transverse to the fibre direction,
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the elastic constants will be a funciion of the elastic constants

in the princigal directions and the fibre orientation ancle o, vhere
p B z 3

for example in the cylinder, « 1s the anzle between the lonzitudinal
2 . ’ (o) (®)

direction of the fibres and the direction parallel to the cylinder
L v

axis as shown in the diasram.

v o M

x 5 F o -
ay = Z T —%——Jﬂi Ty (b} (2.13)

o4 Jy Ky
7 T
_ T\X}f o X WXV. Xy ( - Y

Txy = 771 Ox T TH v '@ .

x N “ Xy

where in this case, since the layer is no longer orthotropic, there
is a term involving the coefficient of shear distortion 1y where
T]x.xy characterises the strain in the x-direction due to & shear
stress in the x~y plane and likewise ﬂxy.x characterises the shear
strain in the x-y plane due to a normal stress in the x-direction,
and as before vxy denotes the Poissons ratio for a strain in the
x-~direction due to a normal stress in the y-direction.

- The transformation of the stresses and strains between the

principal directions L and T and the x - y directions are given by
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- - (2.14)
L - L
Us o b
12 n® 2ml.
Where the stress transformation matrix IL]@ = m2 14 ~2ml
-ml im 1% 2@
) (2.15)
12 e m).
and the strain transformation matrix [H]‘ = | m? 12 ~ml
~2ml 2ml 1%.-n2 ]

where 1 = cos o and m = gin a, and o 1s nmeasured positive as shown

in the fisure above,

Hence, combining equations (2.7) and (2.14) enables the strains

to be expressed in terms

E

and since

of the stresses in the x and y directions,

i.e.

(2.46)

i

i‘eﬁ

From this, the elastic properties in the x, y directions can be

expressed, afler some computation, in terms of those in the L, T

directions.

Hence, expanding the matrices

e =y - -~ r T
& = c
% A A2 Bae x
= Azy Koz Agg G (2.17)
Yy J
A Ag Azz T
LY}W“ | fo1 fe2 Aes || Ty

and,- using enginecring terms, the matrix [ﬁ]a has terms
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Ali = %__ = %.T“' []4 + ('::“:}: - 2\)[1‘1,)'12{{18 R ]
" L

- , 14 "
App = %m = §m~ [m4 + (;’“’Zv Y1207 4 S ]

2 ; ¥ T
. By My 'L 8
1_ :1 o ¥ 1 1 2 2-!
Ags =T = Effp[l + (Pi . Pg-%Z}LwTL . 1)&1 m |
Xy J.b
Alp X
Ly - _:EE___ [(l - g + ZVTI‘ b u/})l m - VTLJ
Agy = = 'yx g
Bx -
2 'ﬂx°3§£
16~ — 7§ .
Cxy 1m m? 2 1 2 _ .2
3B B L2 o o2y, ) (12 - n?)
" BL g Mg L
_ XYV o X
Ber = — =5
=
A?G e .V_B'},?*X.
Xy N 2 .
_ %& 2(%M.m 0n2) . L 2v, ) (1% ~ un?)
ey .y ‘L b R "
Ap2 = — S
v
(2.18)
G Gy E
. LT. —_ M«.lJTG — ___;_D” [ 3 . o .
where 1_),1 = Ei-""g L.L2 = ET‘“; B = EL and ﬂ}{nxﬁf', qu‘xs ﬂ:}’o}{y’ T!fi{}”efrr

are the coefficients of mutual influence and shear distortion respeciively.
A is kunown as tne transformed compliance matrix and the elastic
constants comprising its terms are sometimes known as the 'freef

elastic constaents of the layer to differentiate from those obtalned
when two layers are laid at + o and - a to give an equivalent
orthotropic layer, as occurs when a helically wound layer is wrapped

around a cylinder.

35



The 'Restrained' Tlastic Constants for s Bzlanced Laver of

Bauwivalent Crthotropic Construction

If two unidiractional layers are bonded together at alternate
angles g and a, where subscriots 'o! and 'e' refer to odd and even
layers respectively, ecuation (2.8) gives

to[o]o -+ te[c]e = t[c] (2019)

and the regquirements of consistent deformations demands that
s = z = £ 2 .20
(o = [e)e = 14 (2.20)
Applying equation 2.16 to find the stress components of the odd
and, even leyers in the x and y directions, from eguation (2.19) and
(2.20) we obtain
) -1
[o], = [+ [a],ele)
..O S0,8 - . ~
k- B ek le] A
—A"" -
e [ - Lt + [l
wnere A =% o0 e 4 A e L‘O

and [*Jao and [A]am are of the form given by eguation (2.18). Now

3.-

let us apply equation (2.21), which need not be restricted to
unidirectional layerg but applies to orthotropic layers in general,
to the case of a helically wound layer.

The process of continuous helical winding causes filaments to
cross each other to form two interlocking half layers oriented at + o
and -~ a to the x - axis, In this form, the layers are no longer free
to undergo shear deformation under normal stresses as the tendency of
one half-layer to underzo a shear strain of X]H is counteracted by
the equal and opposite tendency of the other half-layer to undergo

“YﬁI « Thus there resulis a zero shear strain and the two half

layers combine to form an equivalent orthotropic layer whose principal
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directions L and II coinecide with the lon-itudinal and circumfer-
ential directions of the siell respectively, i.e. with directions
x and y.

Eooke's Law can then be written as

Or  Vag
81 e - u G_]_f,
v C
Sﬂ: -»-.-_:E-M 61 r‘~j’I£ (2322)
L ) JuJI
R
1o G'UT

or in the form of equation (2.7) [8] = [B_HHU ]
The strain in the two half layers is given by ecuation (2.18) as
[+).le]
"’I'(j.:n‘ +GJ h \
e - [ (220
R s -0, -~

o}
o
?.‘___3
i

it

Note that [A]+a and [A]n& have similar terms except thatl Ayg = -A4g
~{; &
and Apg = ~A2g and the terms of A are as given in equation
-0 a

(2,18) in terws of engineering constants snd direction cosines.,
Utilizing the equilibrium and strain compatibility equation for

the two half layers of the sanme thickness we have

[OJ + [01 = 2[0] (2
UJ 5"‘0«
— & e IS ..
[l - [l = ] (2
and by substitution in ecuations (2022) and (2:25) we obtain the
-1 W W1
relation 2 [B] = [A]& + [A]ma (2.26)

and this is the transformation equation defining the elastic constants

4

N

Ll

J
1

I

)
)

along the principal axes I and 11 in terms of the longitudinal and
transverse coefficients of the fibres, as given in ecuation (2.18
3 & -

Note here that shear forces will act on each half layer but that the
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resultant shear force acting on the laminate is zero.

The magnitude

of this shear force can be determined from eguation (2.15c¢) by

setting Y. = 0. lence
Xy . .
| B L S
T . 4‘:,\ o Ax G . G A ey G
= e " T I S .
Xy xXy° e X Xyt oL Ty

substituting this in (2.1.2a) and (2.1%b)

{(2.27)

G A 1

°
S AN Y . dutel DA 4
e, |
PR Ab‘f

) "
1 v,z Vxy s xv.v %,
SX = Ov = 1;‘:U © G ° (:T_, s e O '{‘"\'—:" - o) © G
5 et Ak : . o d i
Py x Ky v Sy N Xy
1 e 7 - + T ’ <
- [ XAyJJ&WKy] ny e y%uzyj
Tz B N 5
J
“vy& ﬂygxy nxyox . 4 1ryev ﬂy W3
€y = =0l & "G TemE by | Y Oyl o
X x7 X ‘ STy y £

V510
“b

[ —

These are of form

Ty ; (I
O P 2 ”xvoquvxyj ¥ c~[ e
X : v D

Hence, the terms in brackets represent the eguivalent elastic

constants of the helical layer.

N D
1 b=

Als

T
XY . X ]K,,Xi

B, B Ayy - = B
LE) B 7 g 11
. 2
1 - .

1= n¥yoy XY Ly A2Q _ 3
I - - = o

E ¥ 22 Age 22

vim Vey VO xv v % xy _ A +_A62A16

E]:[ Jf.uy (2 A66

i - Yyx * nﬁV.Kny.iy A féjA2§

B, o 21 Aeg

2 2
Hence v = 6.8 ; 6%
Ag;, A66 - AE.B
A A - A
. = 61 25 21 766
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v v
(Note -== = —&L)
Jf;n A i

Similarly, by setting the strain g and By = 0 in equations (2.13%a)
and (2,13b) the expression for the shear modulus of the bszlanced lagyer

may be obtained, 1.e.

@] W T
X — (-;“:f; G K .._.}.‘—i{w._" -‘/r T )
i‘;‘”. - “ET ;y' ' Gw"-r Faa
o A
)
. GV v‘-"i.\K-Y -
. - ﬁiq“‘t = :?"W“M (') r + rC‘\rrT
.u_v_ _'_Jy 34 J
G T
ice. =L{1 —« v )---_;n
tTYom vy xyl T G Yo XY VAR KY
3/ ,.A-.“-'r
0., TV e 7OV
1.'@, __':r:)’_ — _'{3/( ';.FQA(:T ;Y_A. JLDX'}T
J‘:!J‘ - - ‘ - V rvv" w7
J Ay FX XY
0. T Vo ey N wer
~ N A ..;\l.('f )L @ B £
Similarly, =— = == RS o K. )
£ G .. [ R
X X Vi Xy
Therefore substituting in equation (‘3.’..,1.’;30) we obtain
i T
¥ _ 1 ( ;\;;;—ﬂy W X TNy XY XY )
= Y oL 1o~ vy X V‘cy G:{'* ) )
Vo LT T, T,
-‘ °JL/ -+ ‘\}.}\ 3{_._{-\7 _e{_;\f K‘f (2 O)
nxx v 1 i Ny T .3
. J"—l - ' r Mo 7 G“r"r
1 yJ\ )?' Y XY
This is of the form Y _, = w— 7\ , therefore the equivalent
ab qu ab
shearing modulus of the helical layer is represented by
4+ v
A 4 ﬂxy.x n:{.:{y "{\/ﬂj,*,xv
G T G TG 1 - v
Xy 2y JX K.Y
- 1
Tl.X}f',:\,T Ny v v Vo lxox*:)
G 1 - v v
Xy . VX XY
: B
e . n}{,K}" RS S TLJ e ﬂ:{f’-f Y
or, zlternatively,(since —p—= = —5= ana = el )
- .l_‘lﬁ -tfi
Xy X Xar S

2
i1 evax (Dx.xn * "x‘*n:*r J{f)
G' - — ) 5
+

! “
(J':{__ -‘-'}J\A e XY > A uf“‘
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5.n. . q v

¥y xy Xy yX
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= 4] = B (2,37)
A & .. A K - 6 <o |
Bqtp T2t 6
It is interestins to note that the elastic constants for a

balanced construction such as a helically wound layer are

identical to the elastic constants for a single oriented unidirec~
tional layer if My o = Ty oo = Ty o0 = Ty oo = C. This
condition occurs if o = 0° or a = 90° i.e. for a purely orthotropic
congtruction., A comparison of the elastic constants for the
helical layer with those for a single oriented layer shows not
surprisingly that the moduli,.especially the shear moduli are
significantly higher. It follows that for the same thiclmess, a

helically wound layer is much stiffer than a unidirectional laminste,

The Bguivalent Tlastic Constants of a IMulti-Laver Cvlindrical Wall

Filsment wound shells consist of a number of layers each of
which is orthotropic with their elastic principal axes coinciding
with the longitudinal and circumferential directions of the
cylinder, By approaching the problem in a manner similar to that
usad for the balanced, helically wound layer, the oversll elastic
constants for the shell along these directions can be readily

determined. The ecuivalent elastic constants of the shell are a
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function of the elastic ccnstants of each ovthotropic and
equivalent orthotropic (e.z. helically wound) layer togelrer

with their thickness.

1 The elasiic copstants asgociated with stretching of the
middle surface,
The elastic constants associated with stretching of the shell
are obtained as for the previous analysis by considéring the
equilibrium and strain compatibility of the shell. For 'n' layers,

the equilibrium and strain compatibility of the shell ars expressed

n .
by the equations P [O]iﬁi.:: [0Jt ‘ (2.32)
i=1 ’
and [a-]i: {a] for 1 =1,.....10 (2.33)

which are of the form of equations (2.24) and (2.25). Since the
shell and all the layers are orthotropic, the relation between the

stresses and strains is of the fornm
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. . . . . th
with subscripte 1 for the i layer

1 ]
:’!‘.’. -—.}L"JI. O
I 5
vhere lBJ = - Vo i 0
: 7 5
X S
oA
) - Xy -
Hence equation (2.26) becores
_ n
- -1 ) ’ fid ey
% [LJ - 20 4 [B ]1.1 (2,34)
i=1 ceT

] R e ,
[B ] , the inverse flexivbilitly matrix, can be shown to be the
stifiness mabrix [C] , and in the determination of the elastic con-
stants, equation (2°2) apvears to be of grester application; hence,
. . . , ) . th ‘
- with subscript 1 to denote the 1™ layer
Y ., n -
=7
CJ:: | = 7
% L >ty Cly K| (2.35)
i=1

where [K'] has coefficients

n
Kig = 20 0% (011_)1

1= 1
n
Kiz = >0 % (Cg2)
i=1
etc,
where [C] takes the form -
E 0
1 X Xy X%
[(3] - (1-v_ v ) v E. B 0
Xy ¥X yx ¥y M
" 0 0 (1=v_ v
xy xRy yx)
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3
Hence [K] has terms Tx
T Loy v
Xy yx
ty =
R S
Y
Xy yx
0

sy

Hence we can determine the overall

K'] from eguation (2.37) as

] ]
ty. B
B A S 0
-V _y
Xy ¥X
Y o (2.57)
1 - v v
Xy yx
0 G
Xy

elastic constants in terms of

X t Ksp
E = 1 (Kn Kop = Ko Kpy )
y = >

t bl

1 (2.38)
v)cy = Ei . Vo T EE.,.E
Ky, °0 7 Koo

le = = Xeg Note Kqyp = EKgy

Hence, for example, for a composite cylinder consisting of

three layer configurations, one longitudinally wound layer, designated

by subscript "1", taken to lie at o

layer, designated by subscript "e",

o) . .
= 073 one circumferentially wound

taken to lie at a = and one

900;

helically wound layer designated by subscript "h", the equivalent

conmposite wall elastic constants are as follows, where tl’ to, th are
the thicknesses of each layer and t is the total wall thickness.
) ELtl Lth hlth
T = Ty v V...V * Jav, n
x TL'LT VppVrr o STVaptm
2
T .t !
(iifgfmﬁft.l » it igﬁz-:f,.fzz)
Vo Vi LYy Vg LV 4 Vapp
Bt e Bl v Pmta
Lo Ve TVopVio Iy 4 Vg
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8, = DT o+ ho o« JmTh
v Vi I Vepvip Vv
LA LR 0 A 2
(;i:_i:l;::@zt}. e e AT _i’_;a;@:;;zfgz,)
LV Vi EVor Vi TV Vg
b ™ w4 *‘;
:gf&mu A+ iLLc Pty
Ty vy Vo Yy L Vg
afet s Pt o+ Yoinhs
- L=V pV, Ly Ve, IV Y
T N o2
Levppver, LV Ve vy Vg
dptty e Mofete o+ Yam Bif
S L=vy Vo, L=y Ve, booVyr g Vg7
A 1 T 1 S S
- ™ .
Levgp Vg L=V Vim L=V Vapp
thy = GLTtl + GLTtC + G‘l_&j}h (2059)

2 Ihe equivalent elastic congtants due to bending.

The stiffnessces due to bending may be determined in a similar
manmer to that used for extensional stilfnesses. It has been shown
(Ref:11) that the elastic constants associated with bending differ
from those for extension for a multi-layer orthotropic shell, and
hence the bending stiffness cannot simply be determined from D = B 1
where E is the extensional constant and I is the moment of inertia
of the cross section, The equivalent elastic constants to be used

when solving the eguations relating bending moments and curvatures.

M v'ou
_ X XYY
Xy - D_(1-v'__w' ) D (1-vt v 1)
X Xy yX J Xy yx
V' I\II I%I
X - R 2 + Y -
eyt ! T 1 wy! 1
y I&(i\ vayx) l%(i"xyva)
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Koy 5D (2.40)

can be determin

[

d ags Tunctions of the extensional elsstic constants

as
DX. = LX (1 - vl{jv:}"j{) = (u_i. < .ux.
— &
) 0204 01\3
A2102 - A1103
% I R
.Dy = 'D:)r( V‘Xy\)y_‘\:) (u.l—):[ = .uy]
_ C204 — 0103
Ayoby — Booly o)
5 . o T
! _ AQ'IL’I - A’I IC[F
y-‘f !Lg,i\): - !S.,I ACB
g Bty m Aaoly
Xy Ayl A0y
o=z (cr). =el 1
Xy (G )xy = COxy
n n
1 5 ( )2 Y
L M B + 2. D |
4A66 j=q vt 14 4
(1)
where DX = TS is the flexursl rigidity of the material
y X

corresponding to MX

N . e i e e
D = (““?, is the flexural rigidity corresponding to i
J 1-v_ v

Xy yx

ny = (G.[)Xy is the torsional rigildity corresponding to Hx

and primed constantls Ei, E§ G%y’ v%y, v&v are those eguivalant

constants associated with bending, and the terms Ajk and Cj are

H
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defined as follows in terms of the exlensionzl and bending stiffnesses

as
n | n 4
A = Z = s A =2 n 5.
(1] i “HXj Lv_L 22 i = 1..4_y_l L:_L
n vzcyi n ;
— — e e Y —
hyp = A21‘“§3 ("zlr G ) Apg = &a T
1=1 y. i I=1"xy. 1
1 . 1
&by ° n ooy
¢, = [Z(2) + 4y, =0, + 4, D ]
Toobimhe RS ey T VR
- n ; %
C, = A, 2 v, D+ A D ]
2 .. 1 !l: } < .(Ll /l 21___ } yl
n tlA 2 11, rz ,
oy = [ 5 (2) v ap 3D, ap, vl v ]
3 i=1 2 22i:1 o 11 1 AT
n ; %
¢, = [A. Stv! D o+ A, SID. ]
& e R e

where in all cases the subscript 'i' denotes the ith layer and the
sumngtion is for the 'n' layers ol the composite.

Rather simpler approximate expressions for these elastic
constants may be derived if the products of the Poisson ratios are
small compared to unity and are neglected. Alternatively they may
be derived by considering the proportions that 'each layer contributes
to the moment of inertia of the composite section. The following
relations are thus derived which might serve to provide values for s

preliminary design study of cylinder strengths.
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, ) . . . th s
where I, 1 are moments of inertia of i layer about its own

i yl
centroidal axis and Zi is the distance of the centrolidal axlis of the

»

i Jayer from that of the laminate.

Pailure of a Laminate

Failure in engineering terms implies that the applied loads
have causged sufficient deformation of the sfruoture to inhibit its
further satisfactory functioning under these loads. With suitable
layer thickness ratios and appropriate filament orientation within
the layers, a filament wound structure can be expected to resist
applied loadings efficiently. To design a structure employing
filament winding a knowledge of its strength is desirable and the
stresses and strains having been calculated in the layers, the failure
of the structure requires some criterion by which its strength may be
Jjudged.

The commenly applied anisotropic yield criteria all having the

form
2 2 2

O~ 00 a -
{73 LT, 7 LT
(.....,....) - Kk .___._.__S:_,.._._ + (—_‘f) -+ (_._“._.) - 4 (2:;43)

W
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where X, ¥, and § are the allowable longitudinal, trensverse and

6]

shearing strengths of a unidirectional layer, has been sugzested

in various forms by many investicators. Ref: 12). It is usually
assuned that failure by yielding an& by ultimate strength axe
gynonymous so that the stress interaction eguations of this type may
be applied. This asgsumption has been showir to be reasonable for
glass~epoxy resin composites (Ref: 12) and the use of these
equations is revresentative of the present state of the ari.

Yhere k = 1, equation (2.43) reduces to that proposed by several
investigators which differs only in the denominator of the second
term from that proposed by Isail where B;: %- (ref: 12). There K = 0,
the equation 2.43 reduces to the ellipsoidsl expression proposed in
ANC ~ 18 for wooden aircraft structures (Refs 13). Yhere both
GIJand Oqp are in tension, the use of k = 0 will predict lower values
at failure and therefore is safer to use from the design poiat of
view than the more éommonly applied "distortional energy" conditioun
obtained b, letting K = %-. Several investigators have shoun this
form of the eguation to be valid for the prediction of strength of
multi-layer plates loaded in tension, and the values obtained thereby
to differ little from values calculated by the AUC ~ 18 method.

Typical values for the strengths X, Y, and 3 reported in
literature are noted in table 1.

Under the basic assumption implied oy the use of the "distor-
tional energy" condition of failure strength the yield condition must

be applied to the state of stress excressed in the coordinate system

coincident with that of material symmetry.  Hence, the states of
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TABLE I,

Typical values of X, Y and S, the allowable strenglh in
the longitudinal, transverse and shear directions quoted by

references for glass/epexy material,

Lype of Allowable Strengths

Load X ksi Y ksi S ksi Reference
Tengion 150 4 6 12
Tension 165-178 8 9 16
Compression 207 12 9 "
Compression 400 12 7 15
Compression 510 N - 95

(8-plass)
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stress and strain in each layer must first be determined, and for
the investigation of its strength, be resolved along the principal
directions of the layewr, Thisg can be done by a2 simple transform-

ation using the transformation matrix [ l as defined in

equation (2,15). i,e, lﬁ] = [ ] [ ] where LGJ-denotes
oy i

the stresses in the axial and clroumf erential dirccilions of the

. . th § .
cylinder of the i layer. |0 i cen be expressed in the
generalised form of equation (2021) for a symretrically laminated

shell of 'm' different orthoirovic layers (where each of the 'n'

. th . . .
layers compriges all identical layers of the i configuration in

. PO T |
thelammmie)as [G]ﬁ = [A]i [A ] [O] (2n44>

n .
¥ ¥ — - - A -
‘where [A ] B b } <tk[AJ

1=1

. . cth . .
lee. the stress in the 1 layer referred to the axes of material
symnetry may be obtained from

- — I e -—oji Is []r"

al, = T[], N A o (2.45)

w j_ A i . o "

The various combinations of winding pattlerns employed may now
be studied uvsing equations (2»21) or its more general form (2.44).
The two most commonly employed combinations cowprising circumferential
and longitudinal windings or circumferential and helical windings have
- been detailed in Ref: 7 in terms of the stress ratios referenced t
applied stress in the circumferential directions.

It is worth commenting here, thau, as 1is clearly demonstrated
in Ref: 7, the stresses in an individual layer of a laminate may
reach the level at which failure of the layer will occur while the

Bpparent stress level obtained by dividing the applied load by the
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wall thickness is at a "safe" level, The remaining layers may be
able to sustain the existing load, but on further increose of the
load theese, too, may reach the ultimate strength at which failure
ocCUrS. This fact would make it seem reascnable that failure of
the cylinder would occur between the fallure bounds generated by
considering the winding pattern used, &nd determining the strength
of each type of layer wound.

As shown earlier, the membrane theory can be reasonably applied
to the analysis of shells with high radius to thickness ratios and
consisting of a reasonzble mumber of unsymmetrically 1aid‘layerso
In this case the evuivalent elastic constants associated with stretch-
ing are applied in the analysis, However, where it 1s desired to
analyse discontinuity stresses and streeses from loczl loads in fibre
glass shells, it is necessary to know the bending solutions, In
many cases, as is showm in Ref: 11, the bending solutions for
isotropic shells under similar conditions (obtained for example Tron
Ref: 23) may be employed provided that the necessary modifications
are made to use where necessary the eguivalent elastic constants
associated with bendinz to take account of the fact that the equivalent
constants differ for bending and stretching in a multi-layered
orthotropic shell.

Where a filament wound cylinder is used as a pressure vessel
only, there will be no buckling problem but when it is expected to
carry additional loads whers either Gy 0r Onor both ere in
compression the possibility of buckling rather than naterial failure

occurring exists and prediction of failure strensgth by use of the
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1=

nteraction formula is legs reliable. The onset of buckling is

always difficalt to predict and this is hampered even further by

D,

e}

the lack of experimontal data availlable, Predictions of strength

for even isotropic materials ars always much higsher than the
experimental values obtained. These predictions of tuckling
strength are usually based on the small deflection theory, and in
the case of anisotropic materials, the application of a large
deflection theory such as that advanced by Von Karman and Tsien is
very complex. (Ref: 14).

A detailed study of the buckling of a filament vound shell is
beyond the scope of this present work and the following notes are
intended only as a gulde to some of the approximate expressions
proposed by investigetors for the prediction of behaviour of the
composite shell under buckling conditions.

Recent work reported in Ref: 15 using a derived eguation for
small deflection buckling for an orthotropic multi-layered cylinder
under applied loads provided predictions for the strength under
applied axial compression that compared as favourably with experimentsl
data as would have predictions made for isotropic metal cylinders
provided the assumption that the cylinder matrix behaves linearly,
holds, This was found to be true for low angles of wind and non-
liniarity cof behaviour for the matrix was suspected as the cause for
less close agreesment as the angle of wind was increased, This
derived eguation took into acccunt coupling and bending stiifnesses
as well as externsicral stiffnesces ond o com

obtained by ignoriny the coupling effect indicated that, for tubes
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of the confiszuration used with a small number of layers laid
alternately, coupling effects were small,

Further work on filameni wound cylinde under various loazd
conditions has chown that this equation (Ref: 15) provided
predictiong of sitrength that gave good agrzement with experimental
predictions of sirength that gave good agrse LenL with experimsntal
values for buckling failure under external pressure load, although
results were inconclueive for axial compresssion lbads for the
configuration of cylinder employed. (Ref: 18).

The equation employed in Lef: 15 was a Donnell-type stebility
equation derived from Ref: 17 in which the bending, coupling and
extensional stiffnesses of the cylinder wall are included.

Isotropic shell studies have showm that initial wall
irregularities from the circular cross section have a marked
detrimental effect on buckling strength an& as initial deviations
are likely to be more severe and present to a larger extent in a
filament wound structure, the winding process involved may cause
the local wall strength fto vary a preat deal.

A simpler expression, also based on small deflection theory,
for predicting the critical compressive stress than that derived in
Ref: 15 has been presented by Dow and Rosen (Ref: 18) for orthotropic

shells of radiuvs r» and thlokne°s t.

4 Sy Vg 7 -
4] .= (-——-)[ ] cPl (204‘0)
cT rit3(1 —~ vayx)
where . A
_ : . EAVIGC IR A
¢ = 1 or [2@}@,(1 + (g vey) )/(»,X 2, ]
whichever is the smpaller, and X is a coefficient < 1, To allow for

the inadeguacies of the small deflaction theory and the presence of
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initizld well deviaticnsz, o valuo muech less then 1 chould be

enployed fox desi n jurcozqg,

Altheush the ewall deflection theory contends thot the prescnce
of intewrnl vrassure nos ne ef feet on bucklin s ziren
igotropic cylinders, several investipators hwvoe shewn interal

pressure to be of dmpertance in delaying the onget of bucking

cylinders under cowmpressive loadingy, However it hasg Dezn showm

that thare is an uprer limit{ beyond which the

Pprecoure in stebilising cylindrical shells tecomes ve lizivle., TFor

isoirovic shelle, the parameter which indicates the 1icit apocens 0
ey D 3(' [ad T 4 e 3 ) ] [ -

be at () @ 0,180 and it woldd secen likely thaot U lacger

2ll irrvepnloritiss poscible with filament wound vessels would ps

the velue of such 2 parameter higher,

For the problem of buckling under torsiornal loads, Donnell et

2lii showed that the following relation predicted bucklin; strongihs

wvhich were in agrecment with those experine
2
fE o IC .io.»—/-_w ( Z L] AE' /)

where I: = lengvh ol cylinder
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An approxiration for an orihotropic cylinder under ftorsicn oliainal

by assuringe that the ¢rlinder is an ecuivalent isotropic o linin-
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would hold if the axis of the cylinder is in line with one of the

principal axes, Then +the eyuivalent isotropic elastic constants

PN )

can be represented by the geometrical mean valuss of the elastic

Pal

constants alon: the princival directions of thz material.

o

N
ices B = (pXE YE and v s (vxy vyx)“

The application of internal pressure assin cen delay sutstantially

the onset of buckling. A simple interaction formula was established

U)

by Crate, Batdorf and Baab (Ref: 21) which determined the critical
shear stress due to torsion under the influence of internal presgsure

for isotropic cylinders, This has showmt good agreement with

experiment. here T and p are the applied torsional and internal
pressure stresses vespectively and T and 1 op 2T the critical ghear
stresses in the absence of pressure and the critical hydrostatic

pressure which causes buckling in the sbzence of torsion respectively

P = 1 (2.48)

the equatlion derived ls;( — jz
— .l.
(Per)
T

L
T
( Cr)p:O

This eguation could well provide a simpler interaction formuls for the
determination of the buckling strength of a laminated cylinder under
the combinad action of torsion and pressure than the complex Donnell -

type stability equation derived in Ref: 15.
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CHAPTER 3 lachine Desim

ot e g AT A TR o

Glass fibres for filament winding are supplied by the
manufacturers in the foii of roving wound onto a spool to form a
package known as a 'cheese', Each roving is made up of several
"ends", each end consisting of a large number of continuous
monofilaments of glass. The process of filament winding starting
from the unimvresnsted roving as supplied by the manufacturer
entails that, with the minimun loss of strength due to handling in
their passzage from the cheese, the rovings are dmoresnsbted with
the resin matrix to the reouired degree and applied under tension
in some designed pattern to the surface of o former to fabricste a
balanced structure with high strength properties, where the fibres
oriented in any direction have ecual stress applied to them under
load.

Regardless of which method of winding is employed, a winding
machine will consist of two basic idtems, a former, usuclly known as
the "mandrel" on which the part under construction is wound and a
reinforcement feeding head or "layinc-on guide" which positions the .

impregmated rovings onto the mandrel surface. These two items
nove relative to each other‘in such a ranner that the reinforcement
is continuously applied to the mandrel at the precise orientation
required. To improve the accuracy of directional guidance of the
t

reinforcenent ne final laying-on 2uide should lie close to the
b J = o

mandrel surface.
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As stated briefly in Chapter 1, factors such as the maintenance
of the desired orientation of reiniorcement in the winding pattern,
the efficient impregnation of the relnforcenent with the matrix and
control of the reinforceuent volume fraction in the resulting
composite material during the process of winding are inter-related
and influence greatly the final strength and density of the part
that is being wound, Cf these, the windinz patterq is the most
important as it determines the directional strength of the composite
material.

The 'ideal' is to orient the fibres in the dirvcction of the
principal stresses and proportiocn the number of fibres with respect
to the size of these principal stresses, In most struciures, it is
geometrically impossible bto orient the fibres preciscly in the
principal stress directions and they are oriented at some angle thereto
so that a balanced structure is achieved. As the previous chapter
showed, analysis of the strenglh of a vessel is based on the prou-
erties of the constituent materials and the orientation anzle at which
the fibres in each layer are laid. The importance of close maintenance
during winding of the angle of wind dictated by the desizn is evident
on study of eQuations 2.18, 2.29 and 2.30 for an oriented unidirect-
-dional layer and a balanced helical wound layer respectively, where
the elastic constants are obtained in terms of the elastic constanis
along and transverse to the fibres and the fourth power of the
direction cosines of the orientation angle.

. It is assumed alsc in the analysis that the fidres are wnifcrmly

distributed over the sirface of the mandrel. If this is not thes case,
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the interstices left in the winding pattern will either remain as
voids or, if excess resin is present, will become resin-rich areas.
As the resin strength is low in comparison with that of the glass,
the effect in either case will be to form a weak point in the vessel
wall from where failuré nay be initiated at a value much below
design strength. Relatively snall stresses in the composite wall
may lead to high strain levels in the resin because of the high
resistance to deformation of the glass reinforcement and these may
cause failure in the resin. A practical effect of non-uniformity
of winding pattern is the variation of wall thickness that can occur
with overlapping of filement bands in one location and voids else-
where, This can cause cumulative dislocation of orientation and
pattern in subsequent layers.

O0f the three types of winding pattern, helical, polar or hoop,
it was considered that the first could be the most flexible in
application to a study of filament winding. This type of windingzg,
where the roving is applied in interwoven helical paths requires
precise control to distribute the material evenly over the mandrel.
but by varying the sngle of wind and/br adding additional hoop
windings, any ratio of hoop to longitudinal strength may be obtained,
The design for a machine for this type of windinzy may be more complex
than for the polar winding method, especially if the fabrication of
filament wound parts of varying cross~section is to be considered.
In this work, however, only cylindrical test specimens of uniform
cross-section were produced.

In a helical winding machine, the mandrel is rotated about its
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longitudinal axis while the laying~on guide is traversed to and fro
alony the mandrel and the angle of winding is determined by the
ratio of the circunferential veloecity of the mandrel to the traversing
veiocity of the guide. It is thus theoretically feasible to perform
all three types of winding operation on such a machine provided that
a sufficiently larze range of relstive speeds is avalilable to permit
the variation of the angle of wind from that required for hoop
windings (determined for a roving band width 'w' and mandrel radius
'r' by the relation tan o = ng') to the low angles of wind employed
for polar windings, determined usually by vessel end dome
configurstions, although in practice, the wrapping of the filaments
around the end of the vessel at very low angles of wind would reguire
special attention in the design of the machine.

In addition to the control of the relative speed ratio of the
mandrel and guide, control of the guide at each end of its traverse
must be pessible to ensure the desired pattern of roving applicatior
required to lay each successive band of rovings alongside s previoﬁs
band is maintained, so that a layer completely covering the mandrel
surface to a uniform thickness is built up, free from either over-
lapping of the filament bands or resin rich areas totally devoid of
filaments. This entails applying a. delay to 'the carriage at each
end of the traverse. When windinsy open-ended cylindrical vessels
the resulting build-up of wsll thickness at each end may be
undesirable and cause dislocation of the winding pattern. A study

of this problem has been made and is detailed in Appendix 2.

Impregnation of rovings with the resin matrix may be carried
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out by the roving supoplicr in which case the roving is supplied

in the form of dry, =lishtly tacky tarpe. This is sometimes knowm
ag dry pre-impreznated roving.  There impregnation is carried out
by the user, there are two possible methods. The roving may either
be impregnated on a rig separate from the winding machine and stored
until reguired in airtizht containers or it may be inpregnated on
the winding machine itsclf,  The first of these alternatives,
gsometimes called the "wet pre-impregnaied" technique is claimed to
have advantages over the second technique in efficiency of
inpregnation and cleanliness and ease of handliong during winding.
It, however, recuires careful respooling after iwpregnation ifl,
during the actual winding process, the spool isg to unwind cleanly
without the ribbon cuttin~ into the remainder of the spool package.
The other alternative, usually knovm as the "wet~winding" technigue,
applies a controlled amount of resin to the rovings as they are being
drawn from the cheese onto the mandrel.

In the analysis of composite materials, the assumption is made
that a good bond exists Dbetween the glass and the resin so that they
strain equally under load. As stated in Chapter 1, failure of the
composite will also depend on the ability of the matrix to act as a
binder and limit the pertuarvation of the local stress field produced
by random breaksge of the fibres occurring well below the ultimate
composite strengtn and on the frequency of these breaks. The resin
is expected to transfer the load from one fibre to the next at
discontinuities. Wnere impregrnation of the fibres has not been

thoroughly carried out, shear failure in the resin at the point of
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discontinuity of the fibre or failure of the interface bond beltween
fibre and malrix may occur, Any impregnation process must thus
ensure that adequate resin hes been applied to the glass in a

manner that ensures as thorough “wetting” of the individual fibres
in the roving band as possible consistent with the requirement for
minimum degredation of strength due to handling. If the filaments
are drawn through the resin bath loo rapidly, little, if any, resin
will éling to its surface and. this reduces the rate at which winding
may be periormed. Use of a low viscosity resin and means of gently
forcing the resin into the fibre allows the process to be speeded up.

In the wet-vinding method, efficient impregnation techniques
together with a means of applying controlled tension to the roving
strand are importént in control of the way the glass is laid onto
the mandrel. The optimun configuration of the strand at the point
of winding is a {lat band of parallel fibres and this should be
guided onto the mandrel in such a manner that it remains uwniform
regardless of winding pattern geonetry. By placing the continuous
strands next to each other in such a parallel arrangementl more glass
can be placed in a given volume.

The tensioning should be as uniformly distributed as possible
over all fibres, and be capable of being controlled, Its function
" is to ensure that the fibres are pretensioned and properly aligned
on the mandrel. In wet~wound systems, tensioning controls also
the resin content while, where pre-impresnated systems are employed,
tension control helvs to produce dense, void free composites by

compacting the material on the mandrel, In general a wet impregnated
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roving will not stand as nmuch bacik tension as a dry pre-impregnated
roving beczuse the wet resin will not transfer shear and each
filament is without zssistance from its neighbours,

Tensioning may be achieved by mechanical braking at the spool
or by passing the fibre band through a series of stationary rods and
braked rollers, adjustable so that variation in tension may be
controlled. The use of too many or too small rods can cause fibres
to suffer dechanical danmage by fraying and bending. It is simplest
to apply and control the tension at the spool. This is satisfactory
for dry pre-impregnated rovings where the tendency of in-line
tensioning devices such as rods to strip and pick up the resin causes
trouble. However when wet-winding it is usually counsidered
desirable to tension the roving band after ilmpregsnation as near to
the mandrel as possible although this may be a more difficult
arrangement to control. Tensionin? at the spool makes impregnation
difficult and use of in line tension devices on the dry glass before
impregnation can cause up to 50 loss of strength in the glass by
interfilament fraying and abragion azainst the rods.

Thus in order to prosecute a study into the strength of zlass
filament wound parts, it must be possible to satisfy these requirements
while retaining the ability to vary easily the part dimensions and
winding patterns employed, and it was decided that part of this

project would be the design and commission of g winding machine.
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Machine Desimm

Bagsic Concent

The aim from the outset was to keep the design of the machine
gsimple and compact, General arrangement of the machine may be seen
in Figures 1 and 2. The overall dimensions of the machine including
the mountings for the glass cheeses are 84" long by 38" wide by 4%
high with maximum mandrel dimensions of 8" diameter by 48" long.

The mandrel with its drive system is located at the top of the
machine and a moving carriage on waich is mounted the final laying-
on guide, mans on two rails alongside the mandrel. This carriage is
traversed by a leadscrew driven by a separate drive system from that
of the mandrel. Separate drives to the mandrel and laying-on guide
were incorporaied to permnit a wide range and ezsler changes of the
winding angle. Control units have been provided for both the notor
speeds and automatic control of the carriage traverse including timed
delay periods at either end. The cheeses of glass rovings, up to
six of which may be used, are mounted horizontally in two vertical
banks of three at either end of the machine on the same side of the
nandrel as the moving carriage. Fach individual cheese shaft has
been provided with a breking facility for tension conirol. In the
centre of the machine near floor level, two horizontal PIFE rollers
are mounted along with combs to guide the rovings beingy drawn fron
the cheeses to the carriage,

The pandral

In the design of a mandrel for filament winding, two important

points must be borne in. mind. Pirstly it muast be sufficiently
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rigid to hear the compressive load accumulested from the ﬁany layers
of filsments, each of which is pre-tensioned during winding. Secondly,
congsideration must be given for the removal of the wound pari from
the mandrel when winding is completed. In the present study, where
only open~ended cylinders were fabricated, a collapsible mandrel was
adopted. This is showvn in Pigure %a and %b and consists of two
cylindrical half shells mounted on detachable end plates located on
the mandrel sﬁaft. The chenfered edges of the two half casings are
supported on rods to form a cylinder with two narrvow longitudinal
slits in the surface. The outer surface of the cylinder is smooth
and polished. A single layer of Melinex {ilm is wrapped around to
form an unbroken surface. (Figure 4)

To remove the winding, the support rods are withdrawn so that
the two half cylinders can be brought closer together to allow the
winding to be slid off the mandrel leaving the Mzlinex layer on the
inside of the filament wound tube. It has been found that the
Melinex film is very easily released from the tube matrix snd lining
materials used in this study, imparting its owm higﬁ degree of
surface finish to the inner wall of the tubes as may be seen from
the reflection of the dial test instrument visible in Figure 16.

The Moving Carriage.

This runs on two guide rails and is driven through two leadnuts
by the leadscrew. Figures 5 and 6 show a general view of the
carriage arrangement, The 1imit of the carriage traverse may be
coﬂtrolled by itwo micro-switches set on a scale alongside the outer

rails. These are actuated by the carriage and initiate the delay
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sequence at either end of the traverse before engesgement of the drive
in the opposite direcition. The carriage and microswitches are
fitted with pointers by wnich distance of cerriage travel and position
may be observed.

As with the rest of the machine, simplicity is the bagis of
design of the carriage framework which congists only of a base plate,
on which the roller and lead nut suspensions are mounted and two uprights,
onto which, at the side of the carriage remote from the mandrel, a
PTFE roller assembly is mounted. This assembly which incorporates
six dropper switches as used in the textile industry, is free to pivot
longitudinally abqut its mid point and serves to guide the rovings as
they rise from the two lower guide rollers at the base of the machine
into the impregnation bath. The dropper switches are used to detect
any break in the supply of roving from any of the six available
cheeses, when they complete a warning circuit in the control console.

In the wet winding system adopted for use in this machine, the
resin impregnation bath and final laying-on guide comprise a single
unit on the moving carriage, mounted between the uprights so that the
mean vath between the PTFE roller assembly and the mendrel is
horizontal. (Figure 6)

Above the bath is positioned a resin supply tank which drip feeds
the resin through a spreadexr bar to the resin trough. Beneath this
tank provision is made for a reel of fine regsistance wire on a free
running shaft to be positioned between the uprights to permit the
incérporation of the wire into the glass roving being applied to the
mandrel. The purpose of this wire is described in subsequent

chapters.

65



The Roving Path

Figures 1, 2, 5 and 6, show the detail of the roving path.

Ideally the roving should have a short straight run from the
cheese to the mandrel to minimise the possibility of strength
degredation. To achieve this for a carriage troverse along a four
foot mandrel would require either that the mandrel traverse past a
fixed bath and guide or, where a moving carriasge is employed, that
the cheeses be mounted either on the carriage in line with the bath
or if the associated length of glass run could be tolerated, at as
great a distance as possible remote from the winding machine to
minimise the angle through which the roving band is swept. None of
these alternatives was feasible in this case and the present path
wvas adopted.

The individual cheeses of glass are mounted on freely rotating
shafts on which is incorporated a braking facility for tensioning of
the roving at the spool. This facility is described in Appendix 1.
On leaving the cheeses, each strand of roving travels diagonally
dovnwards before passing through a highly polished guide comb. The
rovings immediately thereafter pass around. the large diameter PTFL
rollers mounted at the base of the machine and travel upwards towards
the guide roller and dropper switches on the moving carriage. As
described earlier, this upper roller assembly pivots so that its
longitudinal axis is perpendicular to the line of the roving path from
the lower rollers to the carriage at any instant in its traverse.

The three rollers used were all made in PTFZ to take advantage of its
non-stick and low frictional coefficient properties and were made

large in diameter to minimise bending of the filaments in their path
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around the roller. The positions of the rollers were selected
such that the maximum length of run for each half of the path was
obtained so that the arcs swept through by the roving band;as it
unwound from the cheese or passed up to the moving carriage were
minimised. - Passage of the rovings over these rollers helps to
spread the band into the desired configuration before entry into
the impregnation bath.

The bath (Figure 6 and 7) consiste of fixed and movesble highly
polished rods over and under vhich the roving alternstely passes
before finally passing over the laying-on guide, The number of rods
is arbitrary but is Jjudged on the bhasis of ithe process of impregnation
within the space available. In this respect, their vertical relative
positions are made adjustable. The first bay between two fixed rods
adjacent to the roller is shaped in the form of a trough for the resin
and is lined with plastic foam sponge. The remaining two moving rods
and two fixed rods are spacgd so that within the range of verticle
adjustment available in their relative positions, undue bhending of the
filaments does not take place. These rods by stroking zlternate sgides
of the roving band complete the process of spreading and impregnation
of the band wvhile also removing some of the excess resin clinging to
the surface of the fibres.

It was found that the speed of winding was causing excessive
resin to be carried forward out of the trough by the band, and that
this was beyond the capability of the four rods to remove. Three
additional perspex scrapers which are also adjustable for vertical

position reletive to the fixed rods were incorporated, raked in front
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of the fixed rods to aid in the vemoval of this excess resin and
further ensure the forcing of resin into the fibre band.

The rovings leaving the bath pass over the final laying-on
guide which is machined semicircular to the diametver of the rods
and to a concave circular shape in elevation (Figure 7). This
shape was designed so that the band of rovings leaving the
impregnation bath would ve so maintained by the guide while being
laid onto the mandrel regardless of the angle of winding that was
being employed. This has been successful in use, the roving band
sliding around the curve without apparent bunching of the {ibres
until its new eguilibrium position on the curve was recached. A
drawback to this system is the offset of the roving band off the
centre~line of the bath when winding at low helix angles.  This
shift of position on the guide at either end of the traverse may
affect slightly the pattern of wind and the accuracy of calculation
of the time delay required at the vessel ends.

Tension level of the roving band during wet-winding is mainly
applied by adjustment of the relative positions of the rods and
scrapers, the cheese braking facility being only set at a low level
to provide an initial constent back-tension and to prevent overrun
of the otherwise freely rotating cheeses during unwinding,

Mandrel and Leadscrew Drive Systems

The layout of the drives to mandrel and leadscrew is shown in
Figure 8. Both systems ars driven by electric motors whose output

speeds are infinitely variable from zero to 100% full speed throuzh
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a closed loop speed conirol systeom utilizing a tachogenerator
output direct from the armature shaft. The accuracy of
control will be discussed in the machine control section.
The mandrel drive is transmitied to the mandrel shaft by
an eléctromagnetic clutch unit driving through flexible couplings.
The moving carriage is traversed by an Acne thread leadscrew
through two leadnuts mounted below the carriage and adjusted
against each other to eliminatle play on the screw, which might
reduce the accuracy of winding at either end of the traverse.
The leadscrew iS.driven throuzh flexible couplings by a witre
gear wnit with two contra-rotating driven gears. Fach driven
gear incorporates the sprocket of an electromagnetic clutch,
the housings of which are keyed to the leadscrer shafting.
Alternate engagenent of each of these cluiches provides the means
of travergin_ the éarriage in either direction past the mandrel,
At the end of both leadscrew and mandrel shafts remote fronm
the drive systems, electro-magnetic brake units are fitted along
with stroboscovic discs so that the motor speed controllers may

be checked for accuracy using a pnotoelectric tachometer unit,

Deternination of Jindin~ iAn-le

Let Ny Ny Do and r be respectively the mandrel rpm, the
leadscrew rpm, leadscrew pitch (inches) and the mandrel radius

(inches). If 1 is time in minutes the circumferential disiznce
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travelled on the mandrcl = 27 T inches 2nd the hovizeontal
il

moverent of the carriaze = pnlam inches,
2

/
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Consideration of the roving path on the mandrel surface gives,

It

2nr . SRT
where ~— is a constant, tan g = =T (5.1.)
P ) D nls

ab,the orientation of the filaments thus depends on the mandrel
and leadscreﬁ shaft speed retio.
In this machine mandrel and leadscrew shaft full speeds

are 20 rpm and 270 rpm respectively, leadscrew pitch is i inch

. 6
and the mandrel radiuns has been 2 inches, therefore the anzles
that can be wound assuming the minimum possible speed setting
of each system to- be 15 of full speed, (this is a conservative
estimate), ray be calculated o be ab3=50. This ranze of
angles makes feasible the adaption of the machine to all three

tyres of windine confi-uration if reauired.
ya. po] [ '
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sachine Control

One of the aims in the design of thie mschine was thai it
should be possible for a single person to oparate it. This, and
the desirabllity of completing without interruption the winding of
a tube once the operation has been commenced required that the
machine be carable of antomatic operation'so that the attention of
the operator might be solely applied in monitorinz the process with
especial regard to the impregznation of the resin into the roving.
This requires that a) the anzle of winding be accurately maintained,
b) the treverse to and fro of the laying-on guide be automatically
programmed.

A console was designed to house in a compact manner all the
units required for the control of the process and supply of power
to the winding machine components, l'ounted on the front panel of
this console are all the control switches and information displays
necessary for the opefator to be able to see at a glance the status
of the winding machine., (Figure 9)

a)__ Control of the Angle of ¥inding. As stated earlier, dvive

shaft speed of each motor is controlled by a closed loop serxrvo system;
The accuracy of these systems was claimed as better than 25 for a

50¢: change in load and a 107 change in voltage at any setting vetween
0% and 1007 full speed. Thus the wvalue of the tangent of the winding

angle-shown earlier to be dependent on the ratio of mandrel rpm

to leadscrew rpm may be controlled to an accuracy of approximately

71



455 by these systenms, The output shaft speed of each motor is
directly indicated as a percentage of full speed on a large
cirscale meter which nay be read to an accuracy of £0.25%, Thus
the speed ratio may be set to an accuracy of 4éﬂ under the worst
conditions. A sfudy of the supply voltage indicated no large
voltage variations and as the mandrel system loading is constant
and the leadscrew system loadings differs only in whatever
difference there is in the driving characteristics of iwo similar
clutch units and leadnuts, the accuracy of speed ratio may be
maintained to better than 45%. It may be estimated that a 3%

variation in the speed ratio implies a maximum variation in Gb of

=1% at o = 4%°,
[o]

b) Automatic Control of the Carriage Traverse. Because of the
requirement for a delay period at each end of the traverse generated
by the nroblem of maintaining the desired winding pattern to ensure
even coverage of the mandrel surface, it is necessary for the
carriage to be held stationary at either end of its traverse for =a
given time by the leadscrew brske units. The length of delay time
required may be determined beforehand and the.carriage traverse
controlled by manual seltting or automatically by a time control unit.
To achieve the design aim of one-man operation the provision of
automatic traversing control incorporating timed delay periods was
undertaken for this winding machine. The design requirements for

such a control unit were:-

1. that the carriage would be traversed to and fro in the following
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.continuous cycle reguiring seguential operation of the leadscrew

clutch and brake units

At end of delay, Brake Off
Carrisge traverses from end A

to end B of traverse

At end A of traverse, At end B of traverse,
Brake On, Start timed Delay A Brake On, Start timed Delay B
¥
At end of delay, Brake Off,
Carriage makes return traverse

from B to A

2. that this continuous cycle be capable of interruption and
restart at any carriage position in the traverse without loss of
winding pattern.

In sddition: 5. The timed delay periods at either end of
the carriage travel were to be independent of eacnh other in setting
and capable of alteration during actuzl operation of the machine.
4, The delay timers were to resat automaticglly but were not to
reset on failure of the power supply.
5. A counter was to Ye incorporated into the control system.
The installation of an automatic count of the number of traverses
of the carriage will be adventagsous in the control of the machine,
especially in helical winding where it may be desirvable to know the
number of traverses reguired for the completion of a whole helical

layer.
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It wag found pessible to achieve this by uwtilizing two sinegle

cycle electro-mechenical timers

also satisfied the requirenenzs

; +
setting accuracy (+ %
»
accuracy of 0.25%.

switching arrangement of up to six load circuits.

1

Sec), and

for easy timing period changes,

fast resetting with a repeat

with a dial setting fecility which

These timers used in isolation had a possible

The switching

arrangements were adjusted and the lead circuits inter-connected

in a novel way proposed by the author whereby there were four

independent load circuits esvailable snd in addition one dependent

load circuit operating off the timer suvply line (24OV 50 c/s)

Use was made of this one dependent circuit in each unit to reset

the ofther timer while three of the four independent circuits available

in each timer were used in psirs, comnprising one circuit from each

timer, to operate the 24V.D.C. electromagnetic clutch and brake units

of the leadscrew drive system in

The timed delay periods are

traverse by the carrisge opening

By arrasnging the one timer to be

unit timed out at the end of its

tinuous cycling arrangement required was achieved.

the desired sequence.

started at each end of the carriage

a normally cloged limit switch.

reset by the second unit when that

timing segquence,

the desired con-

The timer status

required at the various stages of the traverse cycle and the resultant

drive unit energised is indicated in the table.

Carrisge Traverse |Delay at |Return traverse | Delay at |Unorogrammed
Pogition| A - B end B B - A end A hold in winding

Timer A Timed Out|Timed Out{Reset - Timing [ Status
maintained

Timer B Reset Timing Timed Out Timed Out| Status
mzintained

Clutch A-B ON - - - ~

Clutch B-A - - oN - -

Brake - ON - 0N O
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In use, this arrasngement has performed satislactorily, the
only problem occurring being caused by the fractionally slower
decay of the clutch fields compafed with the build-up of the brake
field on switching. This has been overcome by the addition of a
relsy in each circult to the electromagnetic units.

.The complete circuit diagrem for the winding machine is
shovm in Figure 10.

The counter, an electromagnetic 24 V.DC unit chosen to be
compatible with the drive wnits, may be connected into either of
the clutch circuits, so that it operates once every two traverses,
or the brake circuit, if reguired to count each individusal passage
of the carrisge along the mandrel length.

The ability to override both mandrel.and leadscrew shaft
drives and apply the brakes similtaneously has been vrovided.

This is of use where alteration to the winding pattern is being made
or where items such as strain measuring devices are beinz incorn-
porated as well as in an emergency halt to the winding process and
ensures that the orientation of the filaments is not altered before
the winding process can be restarted

¥andrel Curing Oven

As the matrix used in this work is & hot setting epoxy resin
system curing at a tenmperature of not greater then 120% curing
of the wound vessels on the machine with the mandrel rotating has
many advantages. For example, when the vessel is kept in rotation,
not only is the effective curing temperature more uniform but there

is also & chance for the resin to migrate throughout the structure
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to areag of lower resin content and to goresd ont evenly cver

the outer sunface of the vowecl, =5 ywibh ihe dncroscing

tenperature, it dnitinliy beco THG VIECONL.
Accordin«ly an oven was desisucd wvhich eculd e mounted

around the rotating mendrel on renovei of the carrisos,
Deteils of the design are indicsazted in Pigurs 11,

The oven is basicelly a syndsnyo box encesing & cylindrical
radiation reflector made of aluminium sheet, This reflector,

which is of double-wall construction with {ibhroxleez wool

insulation between the walls, ig in two paris, “he lower portion
ig inserted under the rotating mendrel to fix onto the winding
machine frawe. The upoer nortion can be lowered antn this

¢

portion to form a closed box around the mendrel, Close to the
surface of the upper reflector, electrical heatinz wires ars
suspended so that they touch neither reflector nor the vegsel.
The power inout is contlrolled by mesns of a variable transiormer
and the internal temperature of the cven ig messured by

thermometers nlaced at two diffevent locntions.

Pre-Impresmstion Rig

Although wet-winding only has been underteken in this study
it was 1ntendﬂd in the design of this machine that it would be
of general application to the study of filenani-wound vescels

and accordingly as an accessory to the winding rochine, a rig was

des1“n 2d to permit imvreznstion and resvooling of tha roving o
be carried out at scme staze prior to windin. vhis rig is
shown in TFigure 12, Tre desiin emplors the serme innrernstion

and tensioning principlss ucad dn the main mechine,



CHAPTER 4 Windin- of Vses

The procedure of winding may be described as follows.

Preparation of llandrel

The mandrel assenbly together with its single wrap ofMielinex

£ilm, a9 shown in {igure 4, is coated with several layers of
"Breon 625", PVC latex solution which fuses at 25°C.  This forms
a thin skin of PVC on which the filament tube is to be wound.
The Melinex imparts a smooth finish to this PVC lining, the main
purpose of which is to help seal the filament tube under internal
PTESsUre., The twe Pz coated rings seen in Migure 4 clamped at
either end of the mandrel are used to form the edge of the wound
tube square for compression testing purposes.

Celculation of the Timed Delay at End of Troverse.

‘fnen helical winding is being performed the roving band
requires to be 1ocgted in position on the mandrel surface al the
end of one traverse before the carriage return in the opposite
direction commences. At this point, it is essential that the
roving should not slip across the mandrel surface. This noy be
achicved by delaying the carriage at the end of its travel until
the roving is held in position by & length of circumferentially
wound roving. A conseguence of holding the carriage at the end of
its travel for a given time 1s the increase in wall thickness thors
which may digrurt the orientation of the filaments on their return
journey. Onz way of eliminating: this i1s to wind a tube longer

than reguired and renove, by machininz, the end portions in which
3 =y Fy
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the pattern has been disorisntated. But this will remove somgxhaﬁ
the advantages of using continuous fibres in a filament wound vessel.
The time delay process apvears to be a better propesition
provided that the extra thickness built up at the ends of the tube
is not too excessive. A time delay that minimises this build-up
may be estimated from consideration of the winding patiern on the
20 b D

mandrel at the end of the carriage traverse to be T = ey ,14 ~
841 . r

seconds where ‘nm' and 'r' are the mendrel rotational speed axnd redius
respectively and(ﬁl and D are quantities that depend on the angle oﬁ
helical winding @ (Details of this approach are siven in

appendix 2).

Settine of Drive Sneeds

The motor speed ratio ;Q depends on the angle a according to
Is
equation (&.1). A plot of the motor speeds for various angles of
wind has been made (Figure 13).

For a given motor speed ratio, the winding vprocess may be
performed at widely differing rates within the limit of the motor
capacities. Choice of the most suitable settings of the shaft
speeds 1s made on the basis of the computed time delay necessary
at either end of the carriage traverse. for thé required winding
pattern. The two meters in the control vpanel, indicating the shaft
speed as a percentage of full speed for esch drive systen, permit
the accurate setting and subsequent easy monitoring of the shaft

speeds during the windins operation,
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The Winding Overation

The time delay initiasting liwnit switchss are pogitioned on
the carriaze gulde rall at either end of the desired traverse
length, The resin mixturs is iniroduced into the reservoir on
the carriage and fed to the batlh. The rovings are drawn from the
cheese through the bath and manually wound alturn onto the mandrel
to sécure the ends, Power is applied simultancously to both drive
systems and unless manually interrupted, winding continues auto-
matically until the desired number of traverses at theal selected
angle have been completed, Interruption of the automatic mode
may be made at any btime, when both systems will be held stationa?y
against the roving back tension by the electromagnetic brake units
go that the winding pattern is not disturbed. The process may be
interrupted for example to enable the angle of wind to be changed
or to permit incorporation of the fine diameter resistance wire
measurements into the roving band, but as the resin systenm is of
fairly low viscosity, the duration of interruptions should be kept
as short as possible to avoid resin migration across the mandrel
surface to the lowest point.

Insertion of Eesistance Vire During Winding

Since the filament wound tube is considered anisotropic and
heterozeneous, the question is whether ordinary strain gauges can
accurately mweasure the strains arising in the fibres. If a fine
resistance wire (with a similer diemeter to tha® of the individual
gléss fibres) is wound along with the roving band, a sitrain measure-

ment of such a wire may be more representative to that of the fibre.
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A study of 0.001" dia.'Advance' wire for use in this way was
made and is detailed in apvrendiz J. To carry this out, a method
had to be devised to successiully handle the fragile wire and
incorporate it at intervals during the winding of the tube.,

From a mounting just aﬁove the impregnation bath on the
carriage, the wire is drawn throuzh a gulde to run zlong with the
roving band onto the mandrel surface, as showm in Figare &

®

Care is also taken to allov the ends of {the wire 1o be agccessible

wonen the tube is cured,

Completion of thne Jinding Operation

After winding is completed, the mandrel is kept rotating
while the carriage is removed and the curing oven placed arocund
the mandrel to commence the cure of the resin, After the cure
is completed and the oven removed, it is convenient at this
Juncture to attach any items such as strain gauzes before removal
of the mandrel from within the tube.

Typical build up of a tube on the mendrel is shown in

Figare 14, Examples of wound tubes are seen in Figure 15.
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CHAPTER  § Testing of Vessels

Deternination of the Final Comvogition of the Tube

Since glass does not oxidise at moderately hizh temperature
a common method of deltermining the composgition of the material,
where & sample coupon may be obtained for the purpose, is to burn
off the resin at a temperature of approximately 550°C until no
further weight loss is recorded, when it is assumed that only the
glass is left of the sample. By appropriate measurements before
and after burn-off, the weight composition of the material may be

deternined, Yhere 1t is not possible to obtzin samples of the

a

materials for tlesting in this way, the ratvio of the constitueats
in a tube may be obtained in the following manner,

The tubes used in the present study contain resin, glass,

FVC and resistance wire, The glass weizht can be simrly obtained
by weighing the cheeses before and after winding. In o sinilar
way, the weight of.resistance wire inscried may be determined
directly from the msterial used. The weight of FPVC deposited on
the mandrel con be determined by weight measurvement of the mandrel
before and after the application of PVC:

Hence knowing the final weight of the cured tube by measurenment
on removal from the mandrel, the weight of resin in the tube may be
obtained by subtraction as follows:-

ileignt of resin used = Weizht of cured tube
- (the weight of glass used + weight of PVC used + weight of

wire used)
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Knowing the weight composition, the volume fraction of each
constituent and the composite density of the tube can be readily

A
L

each constituent material.

-
I
®
U2
<

computed knowing the densiti

«

Determination of the lean Wall Thi

The mean wall thickness is reguired in the analysis of the
tube under applied loads. Wnere the weights and densities of
the constituents are known, it is possible to calculate a value
for the average wall thickness from the volume of the tube knowing
its length and radius. Since the outer surface of the tube is
slightly uneven because of the resin surface layer thiclmess
variations, actual measurcment of the wall thickness requires to
be carried out at several positions around and élong the tube to
permit the averzge wall thickness to be obtained with accuracy.

A simple device, incorporating two dial test indicators
with scale graduations of 0.,0003", which enabled the wall thickness
of a wound tube to.be measured at any. position along its length,
was made and can be seen in Figures 18 andAlG. The measursnent of
thickness obtained could be read to an accuracy of j0.000Z”.

Both methods were used in the determination of the wall thick-
ness of the tubes used in this study, and yielded results in close

agreement with each other.

Tube No.. Yean 7all Thickness
a)by welsht method b)by measurement

(mean v_all,le)_.

1 0.1175" 0,115"
0.1225" 0,121
3 0.050" 0.0514"
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The Use of Integrally “/ound Resistance Vire as a Strain Gauge
o 1 L)

The wire studied was 0,001" in digmeter 'Advence'! wire in the
bright condition. Advance 1s a copper nickel alloy containing 55%
copper, which has a resistivity of 49/u£2~om. anc was chosen because
it has a relatively low temperature coefficient. The first require-
ment is to deiermine the gauge factor of such a wire for strain
measurement., |

Owing to the heterogeneous nature of a filamenlary reinforced
structure strain measurement cannot be easily carried out with common
methods of measurement. As the material may consist of many layers
of different filament orientations and is in general anisotropic and
heterogeneous, the measuremeﬂt of strain therefore presents a problem.
Although ordinary electrical strain gauges have been used, the strain
thus measured, however, can only representlthe resultant strain in the
binder where the gauge is placed. It bears no exact relationship to
the actual strain in the load carrying fibres especially in cases Where
the fibres interlock with each other to form a composite layer with the
binding material, Since the load carrying ability of a filamentzry
structure depends to a larsge extent on the loading conditions in the
fibres, a knowledge of the strain in the structure in the direction of
the fibres is desirable,

If a fine electrical resistance wire is incorporated in a strand
of filaments during the winding process, the wire, as an integral part
of the structure, will experience the same strain as the filaments
under load provided that the size of the wire is small enough not to
interfere with the actual loading conditions in the fibvbres. Thus the

wire can be treated in the same manner as an ordinary strain gauge.
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It will measure the average strain over the length of the filaments
along which the wire ruus. The glass filament used in the present
work has a diameter of 0,00038", One roving strand consists of 2400
such filaments. With care a number of strain gauge wires can be
incorporated into the structure at different locations and depths from
the surface leaving a short length from each end of the wire to protrude
from the surface for connection to the strain gauge bridge unit.
The gauge factor of a resistance wire used to measure mechanical
strain 1ls defined as the ratio of the change in electrical resistance
. . C \ dR , dl
due to the change in mechanical strain i.e. G.F. = 5~ / == where the
R 1
. ol . e .
resistance R may be expressed as R = Ef-and p is the resistivity, 1
the length and A the cross-sectional area of the wire. The theoretical
derivation of the gauge factor is detailed in Reference 24, where it is
op 9l . . . L
shown that G.F. =1 + 2v +-};"/ ﬁf-where v is the Poisson ratio of the
wire. The gauge factor values from three different reference sources
quoted in Reference 24 from tests on Advance wire used either in single
wire form or as an unbondecd gauge are 2.1, and 2.12(bis).
Ixperiments were carried out on several specimens of wire to
verify these figures. The ends of each length of wire were soldered
to copper terminzls bent in the shape shown in the diagram to provide

a facility for tensile loads to be applied.

< wircs '}?: strain ‘erosur‘in% unit: ———

oy

Loacl !"TL 000! " dra. chvance |

Locd
W <

JR—— \vﬂ. J

~

le.-na’!'A = 5” -

A typical strain gauge circuit using an electironic null point
indicator and a bridge unit was set up. For initial btalancing of
the bridge unit, a wire wound variable resistor was used as the
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the dummy gauge. Load was applied by dead weizght in increments
of 0.5zm. up to a maximun weight of 10.5:zms, Choice of such a

small welght increment was aimed at eliminating as muach as

&
possible any dynanic force during the changing of weigzhts, The

maximum load of 10.5gms. was chosen to casure testing was carried
out~well within the elastic porition of the stress - sirain curve,
é test indicating that non-elastic deformation occurred in the

reron of 18gms. applied load. The test was reveated twice for

each of the five specimens of wire snd the chonge in regsistance

LR . .
~E€% measured for ecach load increment of 0.5s5m. during both the

loading and subsequent unloading of the wire, providing 26 observed

vglues in all, with an estimated accuracy of observation of 3.4<.

Despite the care taken during loading and unleoading

.z, 8 wide range
of scatter existed in these observed values and twelve were
rejected on the basis of Chauvenect's criterion as having too large

Iy

a deviation. The. distribution of the remaining 254 is shown in

. AR
FPigure 17. A mean value of jf‘?, was computed for a load
increment of O.5gm. together with the standard deviation, s, of

the observations.

From the definition %? = G.F. x %%
= GJF. x gﬁ vhere 7, A and B are the

e

applied load, the cross-sectional area and Young's liodulus of the

. . . B .
wire., Hence the value of the ratio o, ey be determined from
. .

the experimental values obtained for the change in resistance for
a known load increment, and knowin; the modulus value, the G.F.

may be deduced,
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¥or the single unbonded wire, for a load increment 7 of

- AR o - D e C
0. 5gm.y mean value of ﬁ?- = 1,45 x 107 7. Standard deviation
4

- ,
s = 0.17 x 10 perrits calculetion of the probable error of the

~

< J + s
mean value to be 0,720 x 10 7. This me2an value glves a value
. 4+ ar . [ i 61 -2
for.the ratio of Young's iodulus to Gauge Factor of 9.51556 x 1071b/in
and using the Young's Liodulus value guoted by the manufacturer of

=

B =20 x 106 lb/in2 the Gauge Tactor value of the wire is obtained

ag 2,1018, This value is in good agreement with those quoted in
Reference 24.

A further series of testz was carried out in order to observe
whether or not a resistance wire can be used to nmeasure strain
accurately employing the Valpe of gauge factor lhus determined if

the wire is bonded to a basic material.

. . . N i 1“ 1"
Three lengths of aluminiuwn alloy strip of nominal 5 X3

cross section were used as basic specimens with one of the faces
specially prepared'for the bonding of the resislance wire by means
of epoxy resin., Three points need be borne in mird. They are
the actual length of the wire borded to the specimen, the total

.

length of the wire including the portion -vhich will not be under
strain, and the alignment of the wire with the basic specimen so

that the wire will experience the same degree of strain as the
specimont under load. The last point can be achieved if the resist-
ance wire is laid under slight tension alony the central lire of the
specimen prior to bonding. 4 jig was specially made for this

purpose,

With the aluminium strips in position in the jiz, a thin coat
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of the resin system used for tube manufacture was bruched on evenly
over the preparzd surface and cured to provide insulation of the wire
from the aluminiun. "he ends of the strips were then masked sc

that only the central portion of lengta '21’ was left uncoversd.
Lengths of the 'Advance' wire were laid in position along the centre
line of the strips and tensioned slizhtly before a second application
of fesin was flowed from a filne brush along the wire. Thmen this
coat of resin had been cured, tie wires weras cubt while etill under
tension to a total length 'L', The maslking and cutting operations
were all carried out under wma nification. The ends were soldered

to electric leads -~ allowing for the solder junctions, the total
length may be taken as 'Li' ingtead of 'L'.

Let Rj and R2 be respectively tne resistance of the toial

length L1 of the wire bLefore and after losd is apvlied.
Let Ri' and Rz' be respectively the resistance of the bonded

portion of the wire of lenzth "21" before and after load is apnlied.

Then Rl = Rl’ +or where r ig the resigtance of the two
R2 = RZ' + T unstrained portions of the wire of
length 1/2(L4 - 21).
Now from its definition, G.F, = %% * % )

Where € , the strain of the aluminium strip may be determined from

e = Tensile Load i
Cross-sectional area x Young's liodulus ~ A.E
t LR ! noo.
I.t GnF. = RZ _MP_“;]_:’_‘ . -j:‘ = _Ij_g_x Rj_ . -;_
! g ' €
Ry y
R, - I L
= 277 .1 b oo, p2l e
7 P 5y since R, T o= " nd Ri =T
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AR By - 4y
Now we measure (%) obsorved = =S
R R
i
4 T
6 o - F. ("“"""") O Userved 3 :é; e '23”
L
_ (G I ) . - MI;
= «¥o/observed X 97
Ly
Therefore the ratio éT'WU'L be applied as a correction to the

observed G.F. values obtained during testing of the striyus,
Testing was carried out by anplyin: tensile load increments

wexre

. . AR .
I 4 . v e 4 e 2 L
of 0.05 ton to the strips while the valuesg Of(}gfé)observed

recorded by means of a strain bridge unit as described earlier,

The tests were repeated severnl times for each strip, and the

, 5 . [.4 AR o . .
results plotted with (= l@ served against applied load. From the
AR

average value of /1{ ﬁ)ob serveq 0T a load increrment of 0.05 fons

throughout the range of loading for each specimen, a value of the

. L
gauge factor G, F. = %@ ! %%-' 5%‘ was computed. The. estimated
i

X . . Fryar
accuracy of observations combine to give an accuracy of ~7% for the
G.F. value., A much smaller range of scatter is apparent in the
observations for this series of tests, only one value ofﬁ~"/
R “observed

beinz rejected. The derived G.¥. values calculatzd are shown

L
. . 1 . . .
below, the different ratios of 5T applyiny to the specimens making

direct comparison of obgerved resistance change meaningless,

Specimen L1 21 ﬁ? Tobserved G.F.
Averace —
1 5. 50 4,0 2,50 x 107% 2.195
2,45 x 107% 2.150
2 5.54 3.9 2,47 % 107° 2,916
2.44 x 107 2.187
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2.45 % 107 2.198
et
2,486 x 1077 2,204
2.44 x 1077 2,187
il
2.4l x 1077 2,160
3 5,57 5.0 9.18 x 107% 2.168
2,19 x 107 2.195
-l
2.19 x 1077 2.195

The mean value cbtained was G.F. = 2,189, Standard
devigtion s = 1.794 x 10“2 permits calculation of the vrobable

error of the mean fto be 0.38 x 10 °°

It is interesting to note the close comparison of the values
of the G.¥. obitained for the three specimens despite the different
L
ratics of == for each specimen.
a1
ihen a strain geauge is bonded to a basic material, it is
assumed that the effect of the bonding material is negligible so
that for practical analysis purposes, the gauge expericnces the
game slrain as the material to which it is bonded. The aim of
the foregoing tests was to determine whether any significant
difference existed between the gauge factors applying 1) to the
unbonded vire 2) the wire bonded to the surface of some other
materisl and 3) the wire emvedded within the composite material.
From the tests, the gauge factor for case 1, the unbonded wire
was determined as 2.1013 and that for case 2, the wire bonded to
the surface of the aluminiam as 2,189, a difference of 450, There
might be three possible explanations for this. Zither the wire

is being strained to a lesger degree than the sluninium because of
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tr

shear strain talkdng place within the resin layer or the value of
e Young's llodvlus used for the wire in case L1, is too low
the Young's bodulus used for the wire in case 1, is too low.

~

t is also posuible that the differonce may be accounted for by
experimental ervors in the two series of tests.

Cf the three cases, case 2 mey be considered to be the least
favourable condition for the regin employed as bondins ggent to

efficiently transfer the strain from the basic material to the

resistance wire. ‘hen the wire is incorporated within the roving
band being wound onto the mandrel, if the ascunption of efficient

impresnation and aliznment of the roving band durins the winding
process holds, the wire will become completely surrounded by
filaments in close proximity to the wire with very- thin layers of

PFal

resin between the individual load-carrying fibres, whereas, the
layer of resin between the wirve and the surface of the base meterial
in case 2 (the aluminium strip in this study) may be szreater than
the wire diameter..

Consider the wire bonded to the aluminium surface. L larger
gauge factor in this case implies from the delinition of gauge
factor that the bonded wire is undergoing a lower strain than the
aluniniur strip. This is possible as the transfer of load fronm
the strip to the wire must have caused a certain amount of shear
strain in ﬁhe resin layer. The investigation given in Appendix 3
is tc determine the difference in strain of thé strip and the wire

under the present conditions,

The ratio of the two strains is given by

N 2 A -
Q = 5= = -0 (A3 - 10)
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1 - )
where p2= Gh S Qg;) (A} — 1)

1 oA o, &
Tt T2
and, as before, 21 = the lenzth of wire bonded to the aluminiunm.

For the present resin system, the value of Q obtzined for a
maximum resin thickness of t = 0,002" were 3 = 0.00325, 0,90797,
0.99980, for a breadth b = 0,001, 0.CLC, 0.500. The actual
thickness of the resin layer applied was legs than 0.00217, For
all intents and purposes, 4 cin be taken as unity and the strain
in the wire as practically the same as that of the aluniniun
strip under load.

The Young's tiodulus of the wire was cuoted by the manufacturer

. &) .2 . . .
as Yol the order of 20 x 10 1b/in” ", and using this value it has
been seen that close agreement was obltained from the values of gauge
factor quoted in Reference 24.  However, Advance is an alloy of
copper and nickel and the value of Young's llodulus for alloys is
very dependent on composition, Reference values for the Young's
Fodulus of Cu - Ni resistance wires marketed under the trade names
of Constantan, Advance etc. are given in Reference 25 and 26 as
o H 2 2 3 3 L Eal
18,24 x 10" dynes/cm” which is ecuivalent to a value of
w 6., /.. 2 N . , .
25,8 x 10 1v/in",  This in turn would make the G.F. value 2.48
. i . i . . . B -
using the experimentally found valus for the ratio s of
6 .2 Vo B . . .
9.515 x 10°1b/in”,  In turn this value of T3 used in conjunction
with the experimentally found value of G.F. = 2,189 from the
aluminium tests implies a value for the Young's llodulus of

20,92 x 10%1v/in%. for the wire.

Finally, there is tie possibility of experimental errors for
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the methods ewployed introduced by 1) the measurement of load,

)

crogs-sections

i)

) areas and Youn,'s lodulus in each test. 2) the
measuremant of the lenzths L1 and 21 applied os a correction
factor to the values obitained experimentally in the aluminium
strip experiments. 3) the use of a wire wound resistor as a duany
gauge to balance the bridge circuit initially.  From consideration
of these factors, the accuracy of observation of the tﬁo nethods
detailed were estimated at not less than 3,45 for the unbonded wire
tests and not less than 6.6% for the wire bonded to the aluminium
strip, so that a difference of 45 between the two experimentally
derived values is seen to lic within the range of experimental
error.

+

In conjunction with the foregoinz it is considered that the

wire can be reliably used to measure the strain in the fibres of

jab]

composite ma{erial when wound into the structure as part of the
roving band and because of the doubt concerning the accuracy of
the value of Young's liodulus for the wire in case 1 and the larger
thickness of resin applying in case 2 compared to case 3, the
value of Gauze Factor employed has been taken as the mean of the
two values determined, i.e. 2,145,

Where the wire is wound into a tube, it may be necessary to
estinmate the total effective length Ll and the "gctive" gauge
length'2l' of the wire, althouzh in moet cases, the ratio of 'L

1

ta'21l' will be sufficiently close to unity to dbe freated as such.
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Desizn of a Test Rig for the Tubes

In the analysis of 2 filsment wound structure elastic modulii
of the material alons and trangverse to the fibre are penerally
required. Thege modulii may be determined experimentally, In
a circumferentialiy wound tube, the Young's lModulus along and
transverse to the fibres and associated Poisson's ratios may be
established by selected axial loadings and leteral pressure tests.
The shear modulus may be determined separately from simole torsion
tests.

1f a circular cylinder is internally vressurised, a bisxisl
systen of stressAis induced where the circumferential load in the
vegsel wall is twice the value of that in the longitudinal
direction. It will be possible to determine the modulus along
the fibres EL and the major Poissons ratio Y g, for the tube
provided that the longitudinal load commonent in the tube can be
avoided. Therefore one of the functions of a test rig permitting
the application of internal pressure loading to a cylinder will be
to take up this sitress component. Obviously, if the ends sealing
the tube were restrained by infinitely rigid structures there
would be no possibility of the pressure load on the ends being
transmitted to the tube wall. As this is difficult to achieve in
practise, the aim must be to so design the test rig that the ends
are restrained as rigidly as possible and the method of pressure
sealing is such that without loss of pressure the seals may s¢lip
aiOHg the tube inner surface through vhatever smsll deflection of

the end fixtures actually occurs or else deform under the shearing
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action so that no loncitudinal stress component is transwitted
to the wall.

The rig is shown in Figure 18 and consislts of two end

]

agsemblies which are resirained from relstive movenaent under
internal pressure loads by Tour shouldered tie rods. The end
assemblies seat down onto the shoulders so that thie weight of the
end sssemblies is carried by the rods and not the tube under test.
These rods wvere made as large in diameter as possible consistent
with overall dimensions of the rig to ensure the smallest possible
elongation under load,

The tube is sealed againgst the internal pressure by 0,25"
square neoprene sealing rings made to specification by Dunlop Litd.
The light compression pressure to initially effect a seal is
manually applied to the rings whereafter the air pressure acts
to compress the seals. To prevent over-compression at higher
pressures the sealing ring sleeves are arranged so that they butit
against the end plates before over-compression of the neoprene can
occur. As an aid to achieving the design aims, the neoprene seals
and tube inner wall are smeared with grease to facilitate the
slipping of the necprene rubber over the smooth PVC lining. The
high degree of surface {inish imparted to the PVC layer of the
mandrel is beneficial in this context.

To enable accurate control and recording of the air pressure
within the tube under test, a pressure control system was devised
whereby the tube internal pressure might be increased by small
controlled amounts. This was achieved by using a vart of the

“
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pregsure line within the control system itself as a small
pressure reservoir, The actual control system is shoun in block

form below.

S Hs‘f‘e-m In /e'IL Pesszl*vo'n"
Tessure Gause Pressure Gouge
Fivvc Cm—c'f‘ro/
Va.f\’e
e
Prcssub'e I'n[e."z" S'llol:
Pejula’{‘;ng VG,ve_ Vafve -T'ujge und'.zﬂ test

s

LRI X
Sohen Ll iz

’Pl"essu!"e 7?5]'6{
Valve

Tuw L e Test

Pr'es_sur“a G‘auae_

Pressure Control System

The system inlet pressure is controlled by the pressure
regulating valve which has a variable outlet pressure csvability
of 300 - 2000psi. - The portion of the line between thé inlet
stop valve and the fine control valve is used as the reservoir
for the tube, and the reservoir presgsure and tube test pressure
are measured on identical large scale gauges. These have been
calibrated as test gauges aoouréte to & i% full scale (t2.5psi.)
and are pretected from excess pressure by cutout valves,

During testing, the inlet stop valve is opened and air is
admitted to the reservoir. This valve is then closed and the

fine control valve opened whereupon pressure is slovly admitted
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to the tube until either the tube reaches the deﬂired test
pressure or the vressuvre on either side of the valve egualises,
when the valve is closed and the inlet stop valve oponed once
more to repeat the process. By this means, the test pressure
within the tube can be incremented by small accurately controlled
amounts, A normally closed stop valve is included in the tube
test line to act as g pressure relief valve. To minimise the
energy available should a seal fail or a tube burst during
testing, a hardvood core is inserted within the tube,' [This can
be seen in the forefront of Figure 15].

In order to determine the Young's lodulus iransverse to the
fibres ET and the minor Poisson's ratio Vi the circumferential
wound tube requires to be subjected to tensile or comopressive
axial loading. During the design of the rig just described,
ceongideration was also given to the possibility of using the rig
Tor compressive axial loading tests.

The flange faces of the end plates were machined flat and
perpendicular to the axial centreline of the rig so that, with
the four tie rods removed, face to face contact is achieved with
the ends of the tube, square-formed by the rings mounted on the
mandrel during winding (Figure 4.).

Compression platens for the ends were made at the same time.
One olaten is provided with a spherical recess to permit compres-
sive loading to be applied throuzh a steel ball at an accurately
defined centres point. The other protects the pressure inlet

tapping point from the compressive loading and thus provides the
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ability to carry out compression testing of filamant wound tubes

on the rig with the stabilising effect of internal pressure, should

bty

this be required. However in the case of the determination of the
modulii, internal pressure is not reguired during the application of
compressive loading.

In order to detcrmine the Young's Modulus ET and Foisson's
fati; Vi values under tensile loading and to determine the value of
the Shear lNModulus by the application of torsion, provision of a
means of clampingz the end of the tube on to the end assemblies would
be requircd. While the rig has primarily been desigmed with the
two loading conditions detailed above in mind, adaptation of the

rig to the tensile and torsion loading conditions could Ve effectled

fairly readily without major modification.

Tube Experimental Tests.
Three hoop wound tubes 22" long and 4" internal diameter have
"been made on the machine to obtain the measurement of the longitudinal

modulus E. and major Poisson's ratio v of the material. Resistance

L TL

wire was incorporated into several winding s of the second and third
tubes., Unfortunately all ﬁires in the second tube were damaged
prior to testing. However, in the third tube, consisting of 10
hoop layers,wires wound into layers 8 and 10 were successfully incor-
porated. All three tubes had one axially positioned and one
circumfereﬁtially placed epoxy backed foil strain sauges (60mm.
long) mounted on the tube exterior at mid length. Several windings

of wire at different levels of the wall thickness sre seen in the

neighbourhocd of the surface strain gauge in Figure 19.
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At the time of winding, resin tensile test specimens were

made from the resin mixes employved in the first two tubes and

instrumented with foll gauses to determine the elastic nmodulus
values of the resirn while a block cast from the resin mix for the
third tube was used to determine the density of the resin, both of
which values are reaquired in the analysis of the tubes,.

a)__ _Resin_tests. Resin used was an Araldite LY 750 evoxy
resin system formulated by CIBA Ltd., for wet winding applications.
The resin mix used in all three tubes tested coutained proporiliors
of plasticiser and accelerator which were 15% and %% of the resin
welght respectively.

From the measured dimensions and weight of the block of resin
cast from the mix for Tube &, the density of the resin system was
determined as 0.0436 1b/cu.in.

Tensile testing was carried out on two specimens of nominal

1t 1
é% X ; cross section, whose actual dimensions werc measured in
the course of the test. finiature foll strain gauges were aflfixed
on opposite sides cof the specimens along and perpendicular to the
line of action of the applied tensile force and strain measuremen@s
were made while the specimens were tensioned in a Hounsfield
Tensometer, From these measurements, Young's Illodulus and the
Poisson's ratio for the resin was calculated.
From the two experimental observations,

6 . 4

mean value of Young's lodulus, E = 0.462 x 10 1b/in

mean value of Polsson's ratio, v 0.3438.

1l

m

2
From these values, the shear modulus G = 0.1725 x 10° 1b/in.
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b) _Tube testis. The tubes were internally pressurised in the
test rig described carlier and the moeasurerents of change of resist-
ance recorded for the wire civeuits ond strain gniges as available.
The overall test set-up 1ls seea in Figure 20, The gauges were
initially balanced by using dunny pauvges. The resistance wire
circuits in tube number 3 werc balanced using wire wound variable
resistors as employed earlier during the determination of the wire
gauge factor value, The PVC layer on the inmer face of the tube
was found to effeclively sezl the tube against pressure loss due to
seepage during testin:, In the analysis of the tubes, this thin
skin of P¥C was assumed to act only as a pressure liner and to have
negligible structural strength.

The following analysis was made for each tube to compare the
experimental data with theoretically predicted values.

As the tubes consist of hoop windings only, the theoretical
determination of the elastic constants may be performed lor a
unidireclional layer configuraiion, and the values of the longitudinal

4

the transverse modulus I and the Poisson's ratios v

modulus E 7 oL

L’
and v detmzmlned by the use of equations 2.8 to 2.11 where the
volume fractions of the constituents and their elastic properties
are known.

If v, E, v are the volume fracﬁion, Young's lodulus and Poisson

ratio and subscripts f and m refer to the glass fibre and resin

respeciively, from Chapter 2,
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So= Ve Eooev B (2.8)

I+ ¢ ) -0 (K. - X
Bp = 2 [1“" -(vp = v v NH“(m.-c) A ﬁr(ﬂnlin&ig
o (e I - - 5374 i 7t a4 b L o -
T m M f n L (&Rnl F ung F o2 (nf, Am)(i. vf)

J i1

-+ C - p ;
2(1{m +G )+ Z(Rf - Km)(_L - nf)

Kf(sz + cf) + (}f(K - Kf)(‘l - V) -‘

where K, G are defined in terms of E and v and C is the contiguity
factor assumed to be equal to 0.2, as is customary. Experimental
determination of C would require photomicrographic study of sample

coupons cut from the tubes, which was not possible at this stage.

Vor, = Vg Vp b Vo Vo (2.10)
. Et ¢
Yo < Vg (2.11)
L ,
The equation O = Pti (1 +8&p) (5.1)

relates the strain and stress inducea by the internal pressure
applied to the tube where 'p' is the pressure, 'r' the internal
radiuvs and 't' the mean wall thickness, The term (1 4A81) accounts
for the increase in tensile load carried by the cylinder wall due to
the incresse in cylinder size under load. Hence the circumferential

strain in the tube may be determined as
pr/tLL

°p = (1 - pr/tEL) (5.2)

and knowing the gauge factor of the gauges employed, a value of

%% may be obiained for this strain to compare directly with the
value recorded.
If the tube received zero longitudiral component of force when

tested under internal pressure load in the test rig designed, then
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ch = 0 and from equation 2,7, the strain component

E . m e e (5,5)
and once again, knoving the gauge factor, it is poscible to
. . AR . s . - .-
obtain a value of B for direcct comparison with that measured by

the axially positioned gauge on lhe tube,

The experimental values of EI and Vipp, ALY be calculated from
4

the observations (%?l} and (%?a of the circumferential and axially
placed stirain gauges, as
e} 1+
L PR el here s, e ot (AR
By, = g, |t e where & = w2 (),
_ pr ¢ G.F. + (DR/R, -
=5 (88/R) ) (5.)
e “
T . ! AR
= = . v, vhere & = meeeeee (550
Vi, 5, numerically, where = GUF (R a
 (ar/R) (5.5)

1.8, V e A usia e e
L (ar/R)
The results have been calculaled for an incrementzl pressure
load p of 300 psivfor all three tubes.

Tensile modulus:- glass fibre B, = 10.5 x 10%1b/in?

resin E_ = 0.462 x 1081b/in?,
Poisson's ratio:- glass fibre Ve = 0.23;
m

Tube 1. A single pressure test to a maximum pressure of 400 psi.
was carried out on this tube. A graph of the observations from
the two surface foil strain gauges is plotted in Figure 21.

Radius r = 2.0"

Mean wall thickness (including a PVC layer 0.002" thick) = 0.115"

o« mean composite wall thickness = 0.,113"
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Volume fraction:- glass fibre v = &8.8Y7; resin v = 55,665

For this tube, the following caiculated values way be obtained.

it

From equation (2.8) E 7.12 x 1061b/in2°

L
" " (2.9)  Ey = 2.06 x 10%1b/in?,
1 0 (2,,10) VTL = 0,2880
u- 1" (2.13_) \JLT = 0.0552

For a pressure load of p = 300 pesl from eguations (5.2) and (5.3)

the theoretically predicted value of longitudinal strain.SL and

transverse strainzST are

e 7.46 x 1074

L

1

e 2.00 x 107¢

T

i

and hence, knowing the gauge factor to be 2.25, the following
predicted values of gauge reading are obtained for the circumfler-
ential and axial gauges respectively

(A8

R

0.1679

"

0.0430

AR
(57,

0.1743

It

. . AR
From the experimental observations, mean Oﬁw%l}

AR,
mean (R;ga = 0,0289
which are 104% and 64.2% respectively of the predicted values and
hence, from equations (5.4) and (5.5) respectively, the longitudinal

modulus E, = 6.859 x 10%1b/in% and v

L = 0,166

TL
Tube_ 2. Three pressure tests were performed on this tube, two
to a maximum applied pressure of 400 psi and the third to a

maximum of 900 psi. Graphs of the observed readings from the two

surface foll strain gauges are plotted in Figures 22 and 23.
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Radius r = 2.0"
Mean wall thickness (includiﬁg a PiC layer 0.,003" thick) = 0,123"
o+ Mean composite wall thickness + = 0,118"
Volume fractions:~ glass fibre Ve = 58,6275 resin v, = 41.35%
resistance wire v_ = 0.0245,
For this tube, the following calculzted values may be obtained.
Frém equation (2.8) B = 6.55 x 10610/in?.

it n (2_9) E‘_['

il

1,877 x 10811 /in?,
" " (2.1o)vTL = 0,27886
t " (2.11)vLT = 0,0732
For a pressure load of p = %00 psi from equations (5,2) and (5.3)

the theoretically predicted value of longitudinal strain&:L and
transverse strain Ep are

g 8 x 1074

L and hence knowing the gauge fector
2,22 x 1074

it

€

and hence, knowing the gauge factor to be 2.25, the following

i

predicted values of gauge reading are obtained for the circumfer-
ential and axial gauges respectively,

AR~ )

=), = 0.1803 \
.[.:'\.B_.O’/ — 4.00
(R ﬂxl.- 0.0499

From the experimental observations, close comparison was observed

between the readings obtained from the firsi two tests.

In this case, mean (%E%%): 0.19186
AR
mean fziga = 00,0274

which are 108.2% and 54.9% respectively of the predicted values
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and hence from equations (5.4) and (5.5) respectively, the

. . . i Y fe D .
longitudiral modulus EL = 5,976 x 10%1b/in” and v, = 0,143.

TL
However, on the third run, tho mean values from both gauges wers
different from the two previous runs,

s A--rf‘ “ . . 2y 7 3 . a
lMean ??76% = 0,1845 which ig 102.5% of the predicted value

and hence from equation (5.4), the longitudinal modvlus
| E; = 6.206 x 10%b/in®.

The previously noticed tendency of the graph of the
readings from the axial geuge to exhibit a change of slope was
very marked in this case and {wo distinct sleopes were cobtained,

zes

as seen 1n Figure 23, for the two ranges of pressure, p =< 400 psi

and p > 400 psi.

) . AR -
Below 400 psi, mean (%gﬁba = 0.0260
Above 400 psi, mean (%%1 %), = 0.0410

which are 52.0% and 82.0% respectively of the predicted values,
and hence from eéuaticn (5.5) vy, = 0.141 or 0.222 respectively
for the two cases.,

Tube 5. Three pressure tests in the range of pressure up to a
maximum of 380 psi, were carried out on this tube in which were
incorporated two windings of resistance wire as well as the
surface foil gauges. Graphs of the observed readings from the
wire and surface gauges are plotted in Figure 24.

Radius r = 2,0"

Potal wall thickness (including PVC layer 0.0042" thick) = 0,0514"

S Mean composite wall thickness t = 0,0472"
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Volwne fraction:- glass fibre Ve = 58.4%; Tresin vr1 41.558%
-t L

registance wire v, = 0.0465;%.

FYor this tube, the folloving calculated values may be obilained.

il

From equation (2.8) ¥ = 6.333 x 1.06

"I (2.9) By = 1.668 x 10°

!

" " (2.10) Vv 0.277

i

L

n ) t (2'11) v 0.07%8

i

LT

For a pressure load of p = %00 psi, from equations (5.2) and (5.3%),

the theoretically vredicted value of longitudinal strain 81 and

transverse sgirain GT are

20,11 » 107°
-4

m
it

m
i

p = 557 x 10
and hence, knowing the gauge factor to be 2,25, the following
predicted values of gauge reading are obtalned for the circumferentisl

and axial foil gauges respectively.

H

0.4525

0.1253

/‘\
,':O
RN
\—/
4

In addition,. the predicted value of gauge reading for the wire
yindings using the previously determined value of gauge factor of
2.145 is
(éig) 0.4343
\%

From the experimental observations, all three tests showed close
agreenent between the observations, Congidering the foil strain
gauges first, the circumferential gauge exhibited a marked non-

linear response initislly.  The mean ( p) = 0.3695 which is
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- ~ \ A - . .
only 81.6% of that vredicied, Zven if the effect of the non-
linear portion is eliminsted by calculation of the equivalent
reading from consideration of the slove of the linear portion

. . . AR 4 ; . :
of the graph, the valuc obtained, (Egyﬁ = 00,4146, s ¢till only
91.6% of that predicted. The axial foil gsuse gave rise to a

! AR . . . o

mean value for (??%ﬂ = 0,1210, which is 96.5% of the value
predicted.

The circunferential wire windings wound into the tube along
with the roving band indicated no such non-linear resnonse however
and the mean value obtained from these obscrvations vas

(2 44)

Py i/

R P = 0.45%3 which is 105% of the value predicted.

Hence, from equations (5.4) and (5.5) we may calculate the

longitudinal modulus EL snd Poisson's ratio VTL to be (where for

comparison the values obtzined using the equivalent value of

(%?%) are given in parentheses) as
]
B o= 7.745 x 1O6lb/in2 (6.90 x 1061b/j.n2)
and Vg = 0.328 (0.292)

The longitudinal medulus according to the wire windings may
. : 6 .2
be calculated from equation (5.4) as B, = 6.027 x 10 1b/in",
A compilation of the results for all three tubes has been

made in Table 11.

Discussion
The measurements made by the surface gauges mounted on tubes
1 and 2 exhibited similar cheracteristics and will be discussed

first.,
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TABLE IT

Compilation of

Tube Theoretical and Experimental Results,

osi.

Tube No. I 2 3
Mo. of layers 30 26 10
Radids r in, 2.0 2:0 20
Thickness ¢ in. o113 o119 00472
Glass Volume vy 06633 O50662 Q-5040
Total ne of tests | 3 3
Source of result Theory P:ixps:rimf Thoory E»:pm‘m? Exp.v.ﬁm?:Ezpszrim’.t Theory E‘xp:zrim? lExparImt.
Test no. | le2 3 {3
Max 25t pressure psi. 400 400 | _, Og?f N 360
Gauge type Fotl Foll | Foil | Foil Foil :Wire
Gauge Factor 2:25 225 | 225 : 225 225 | 2145
£, 16 %0[in? | 712 |eeso |6346 |S976 6-206 6333 | 690 |e027
£ 108 b/in? | 200 I-677 [ 1668 i
b X 102 268 | 1658 | 2766 | 14-3 | 14-I { 222 | 277 | 292 |
v X 10 552 732 | 738 E
Comparison between experimzntal observations and predicted values  for g pressure Increment of 2
< x10% 746 | 775 | 902 | 851 8:20 2041 | levas L oria
e x10% 2-00 [1:265 | 222 |lal9 | HS6 | 1822 | 5°57 | 538 :
(—4}53—"0)(: 01679 044743 |O-1803 [O-1916 01845  |04525 |03695 |
Percentage 100 | 104 | 100 | 1062 102-5 100 | 816 |
%«{lﬁo)q Q0450 [0,0289 |0.049% (00274 0026000410 0.253 |0.210 |
Percentage 100 | 642 | 100 |549 | 520 : 820 | 100 | 965 |
G °O)w | 04313 :o' 1533
Percentage 1' 100 | 105
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A.basically linear response was obtainea from the circumferential
gauges throughout the ranges of Testing and the values observed
experimentally were in all tests less than 7v5 different from those
predicted. The values observed were larger than predicled indicat-
ing a lower stiffness for the material but frowm the nature of the
material, the strain measured by a surface gauge can only represent
the resultant strain in the binder where the gauge is placed and so
the difference between the cobserved and predicted values could
reasonably be expected to indicate 2 lower material stiffness. This
is corroborated by the results from tubes 1 and 2, where the values
measured on tube 2 for the first two tests performed thereon gave
consistent results with a difference from predicted values 2%
greater than for tube 1. The wall thickness of these tubes are of
the same order but tube 2 hag a lower glass content and a much
thicker resin-~rich surface layer onto which the gauge wasg bonded.

It is noteworthy that very good agreement obtained betwsen measured
and predicted values of strain for tubs 2 in the third test when

guite long surface cracks in the axial direction were visible in

this resin outer layer in the vicinity of the circumferential gauge
and it is possible that these cracks were permittins the reinforcenent
to be more efficient in resisting the internal pressure induced hoop
stresses,

The observations obtained from the longitudinally positioned
gauges for tubes 1 and 2 were however in very pbor agreenent (of the
order of 50 - 70%) with the predicted values of (-%?%) . A
: a

tendency to change slope was exhibited by the plots of thege values
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against applied pressure, and in the third test on tube‘Z, where
the pressure was increasad ebove the region of 400 psi. at which
all other tests weve terminated, two distinct slopes were apparent.
This gravh has been re-vlotted in Figure 2% with an enlarged sczle
for change of resistanoe-%i%tm demonstrate this more clearly.
No such change of slope was apparent for the circumferential gauge
readings during this test. The lack of agreement between the
predicted and measured values for the longitudinal gauges and the
gsudden change of slope anparent in Figure 235 at pressures of the
oxrder of 37H - 400 psi. combine to indicate that the longitudinal
force component of the internal pressure loading is not being
reacted solely by the test rig as desired but is being transmitted
through the sealing rings so that the tube is also carrying a
certain anmount.

It is unfortunate that all other tests performed on tubeg 1
and 2 were arbitrarily terminated in the region of 300 - 400 psi.
internal pressure, which is the region of transition of slope in
the high pressure test on tube 2, (run 3), so that comparable
results are not available, However the following study may be made.

Where 8T and € [ are the compressive longitudinal and tensile
hoop strains induced in the tube by the internal pressure if a hoop
component of force only is being applied to the tube as required,
and Bx is the tensile longitudinal strain due to vhatever longitud-~
inal force conmponent actually beins applied to the tube by the test

rig, (and treating as small the strain induced in the hoop

direction by this longitudinal force compongnt), then
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retice - L
theoretical (\JTL)t = -
L '
€. ~%n - {AR/RST)
and the experimentally derived (v ) = - =eme— e
TL'e S (aR/ES)
I ]
8!’1
l o
Hence, Sx = [(VTL)e + g I]u];
e . ) AR o
which in terms of observed values of A

(a1/27), (a1/85),
= [” (aR/Rx), T~ vTL'L] [ HEETGZ?T)]
Now if we let p' be the equivalent interral pressure that would
induce this amount of longitudinal force component in the tube,

éx may be expressed as

e - BRI
X 2Eg
248,
t — et s A -
and hence p' = T [ Og)e = Oy ]

where r, T, ET and (vTL)t are the radius and mean composite wall
thickness, transverse modulus and major Poisson's ratio respectively,

where B, and (vTI)t are calculated as before from equations (2.9)
=l

T
and (2.10).

These pressures p' were calculated for tubes 1 and 2 and
plotted against applied internal pressure p in Figure 25. It is

seen that, following an initial sharp increase in the pressure p'
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as the end seals are compressed nanually to effect the seal, the
longitudinal force steadily incresseg with only an occasional
fluctuation as the internazl pressuwe ig increascd up to the region
of %60 psi. The next increment of pressure to 400 psi. is
accompanied by a sharp check in the value of p', and it is in this
region that the change of slope occurs din the plot of the response
of the longitudinal gauge. This would indicate that in the region
of these fluctuations and especially at the increcment of internal
pressure from 360 to 400 psi., a certain amount of slip of the
neoprene rings over the PVC surface has occurred. During the
remainder of the test, up to the maximum of 900 psi. internal
pressure, a much lower rate of incresse of equivalent pressure p'
being applied to the tube in the longitudinal direction obtains,
together with several more marked fluctuations in its value indicat-~
ing that, at these higher pressure levels, slip of the rings over
the PVC is occurring more readily.

From the foregoing, it would appear the test rig is failing to
eliminate, by deformation or slip of the neoprene sealing rings,
the longitudinal force component in the tube due to the internal
pressure until relatively high pressure levels are reached when a
certain amount of slip takes place. This partially reduces the
induced force component czusing the chenge in slope shown in Figure
23 and thereafter a sufficient degree of slip is occurring to
improve the comparison between the experimental and theoretical

values of Poisson ratio Ve by nearly 3055 o
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There appear to be several contributory factors to this
phenomenon. In the design of the riz, nore than adequate
provision was made for sealing ring compression in snticipation of
the tubes being a poorer it over the end plugs of the rig than
hag actually been achieved. The use of the Melinex layer has
made it possible to manufscture tubes that are a tight sliding fit
over the uncompressed rings and this, together with the high
surface finish imparted by the Melinex to the tube interior should
be beneficial to the design aim of low clamping pres;ures at the
sealing rings of the test rig. However, the lMelinex has in its
turn caused a sealing problem,

If the lelinex is not wrapped sufficiently tightly around the
mandrel or its edges do not butt closely together before the PVC
lining is brushed onto its surface, under the clamping action of
the glass windings, a well-defined ridge may be formed in the PVC
lining. Sealing of tﬁe tube against pressﬁre leaks then requires
much greater compression of the neoprene rings to eliminate leaks
in the region of this blemish than would be required otherwise.
These ridges were present on the inside of tubes 1 and 2 and post-
cure action to effect their removal proved only partially success-
ful and so, the initial sealing compression manuelly =pplied to the
rings during the tests of these tubes was much higher than is
degirable. Three regions where the rings had to be compressed to
effect a seal in this way are clearly visible in the increase in
value of p' between 40 psi and 60 psi, and 160 - 180 psi for tube 1

and 80 - 100 psi for tubs 2 in Figure 25.
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On recognition of this provlem, a new Melinex liner, cut
to much closer tolerences vies mede for the manufeacture of tube 3.
This eliminated the ridge to the exient that the sli.nht lines left
on the PVC surface by the self-adhesive tape locating the Helinex,
are of the same order of size. As will be noted presently in the
discussion of the results from tube 3, there was no sign of a
similar occurrence to tubes 1 and 2 in this cese. ~ With the ridge
on the inside of the tubes eliminated, it may be expected that less
compression of the rings will be xeguired to effect a secl and that
the range of sealing ring compression available will now be
excessgive.

As a result of this, it will be probable that the internal
pressure load on the faces of the ring sleeves will force the
neoprene intoe contact with the tube wall with greater pressure
than required to maintain a pressure seal. This will sgain reduce
the possibility of slip being able to occur. This may be
remedied easily by restriction, by means of packing discs, of the
0.015" movement available before the ring sleeve comes into contact
with the face of the end plate in each end assembly of the rig, so
that only sufficient compression of the neoprene to effect a seal
throughout the range of testing occurs,

The importance of control of the impregnation and tensioning
of the glass reinforcement in the filament winding vprocess is

clearly demonstrated by ftubes 1 and 2, where although the number

of layers wound is less, the wall of tube 2 is in fact thicker then
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that of tube 1 because of the excess resin present in this iube.

Tube 2 on curing possesced a thick rosin -~ rich layer over its

i

outer surtace, This was paritly scueered out from within the
windings by the higher tension level employed in the winding of

this tube and partly was excecs resin, picked up in the impregnation
bath by the roving, during attempis to incorporate resistance wire
into the windings. From the lessons learni from these attempts,
although the same resin content was used in tube &, the impregnation
and tension were controlled more efficiently and only the normal
thin resin layer is present on the surface.

Tube‘S was the only tube in which resistance wire was
successfully incorporated along with the windings for use as a sirain
gauge. The response of the wire wound into the eighth and tenth
layers of this tube was linear throughout the range of testing and
the consistency of the results as well as the linearity from all
three tests can be clearly seen from Figure 24, The measured
strains are in agreement with the predicted strains to within 5%
throughout-the whole loading range. Although the two circults of
wire were wound in different layers, no consistent difference in
response due to position within the wall was detectable for this
thin tube but further investigation using tubes of various thickness
might be rewarding.

The experimental results obtained from the foil gauge, on the
other hand, do not agree so well, elther in comparison with the
wires in this tube or the circumferentiszl gavge resulis in the other

two tubes. The measured discrepancy between theoretical and
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predicted strains are of the order of 195 and cven if the curves
are snifted sideways so that the extension of their linecar portion
presses through the origin at zero pressure, there is still a
discrepancy of 105 - 12% bvetween the measured and predicted values.
The non-linear characteristic of the resulis from this gauge at low
pressure levels is disturbing and whether ihis portion of the
response can be eliminated by such manipulation is open to question.
It is possible that the resin layer on top of the filaments does
not respond to straining in quite the same wey as the stronger sub-
layers in the structure but if this is the case, then thig
characterisiic should have been also apparent in the response of the
gauge in a similar position on tube 2 where the resin layver at the
surface was very much thicker, Two other possibilities present
themselves. If slight ovality of the tube 1s present in the regicn
of the gauge, this thin walled tube may be initially deforming to a
circular cross-section under the internal pressure and a
compressive strain component in the hoop direction could be induced
to produce this initial curved portion of the response. Cr, since
in 2 composite material, the matrix acts as a load trancsmitting
medium and the surface strain gauge messurement only represent the
resultant local strain in the binder, if the gauge is mounted over a
region where the fibres are undertensioned for whatever reason, low
strain levels would be recorded until such time as these fibres too
are fully load carrying. Possible reasons for this would lie in
p&or winding process control of factors such as impregnation or

tensioning.
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Much better agreement hetween predicted and nesasured strain
values was obtained in this tube 3 for the longitudinelly placed
gauge than had been previously obtained for the other itwo tutes
and although the strain levels induced were of the same order as
that induced in tube 2 by the finzl test to 900 psi. maximumn
internal pressure, no tendency for ithe response of this gauge to
indicate a change of =zlope was detected, and measured and predicted
values of the transverse strain were within 3.5% of each other.
As noted earlier, this is considered to be due to the application
of much lower clamping pressures on the seals of the test rig to
effect a pressure seal because of the almost complete eliminstion
of the blemish on the FVC lining surface caused by the Melinex

release layer on the mandrel.
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In the introduction to thig wvork, filsment winding wss stated
to be a fabrication technique Tor forming reinforced plastic varts
of high specific strength, carried out on specially designed
machines on which may be achieved the precise control of the winding
pattern and direction of the filament orientation reguired to take
full advantage of the remarkeble high strength properties exhibited
in tension by filamentary materials.

In a review of the methods of analysis for this type of
material, it has been showm hov, for all configurations of winding,
the eléstic nroperties can be related to the »ropertvies end ralative
guantities of the constituents and the orientetion of the reinforce-
ment within each layer of the structure. Accordingly, the desiem
and use of eny winding eguipment must be appraised with regard to
these considerations.

The helical winding machine desgigned and put into operstion in
the course of this study has shown itself capable of winding

cylindrical tubes 22" long x 4" dia. using 12-end E-gless roving

(v
“

the reinforcement phase and a hot setting epoxy resin system as

natrix. A feature of thigs machine was i1ts use of separate motor
drives to the msndrel and leadscrew shafts, thus permitting the setiing
of a wide range of shaft speed ratios, uoon which quaniity the angle

of wind depcnds. Control of this ratio hes been shown to be capeble
of maintensnce within a mexirum 1° variation of the angle of wind et

a setting of 450. With this facility, eny engle of wind from the low
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helix angles required for polar winding to that required for hoop
winding may be rapidly set on the asscciated control console, the
desigmn of which was also pert of this vresent work.

The provision of automatic traversing of the reinforcement
final laying-on guide together with tined delay nericds at either
end of the traverse by the use of two electiro-mechenical timing
units interconnected in a wsy evolved by the writer, has worked well.
When winding onen ended cylindrical tubes at other than hoon ansgles
of wind, the Euild»up of tube wall thickness ot elther end during
the timed delay period there can serve to disrupt the accurscy of the
winding pattern in that region and as winding progresses, the effect
of this disruption may extend further alons the tube. A method of
calculating the most suitable time deley to be epplied to the moving
carriage al either end of the traverse to minimise thig problem has
been derived. This takes into account both the requirement to
locate the roving on the cylinder surface at the end before
recomnencing the next traverse and the requirement for optimum strength
of the end item that the reinforcement be evenly appnlied over the
mandrel surface in each layer.

In a further area of study of the winding process and its
associated procedures, the design of a braking systenm to provide a
constant tension in the roving as it is being drgwn from the cheese
has been considered. This has proved effective in providing the low
level of constant back tension required during the wet winding of the

tubes fabricsted in this initial study. Provision of much highex
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tension levels, up to a moximui of 11b per end for use with dry
pre-impregnated roving, is possible within the rance of adjustment
designed into these units.

The problem of guiding the roving from the cheese to the
~mandrel surface without reducing the strength through handling and
the problem of ensuring adecuate impresmation within the limited
space available on this compact machine has received attention and
the present combined impregnation bath and laying-on guide mounted
on the carriage have proved adequate, In the limited amount of
winding performed during this work, a study of the relation between
back-tension levels and the winding speeds on the final tube
composition and the performance of the impresnation bath was not
attempted, Modification of the resin trough drip feeder above the
impregnation bath has improved the ease of control of the resin flow
rate but provision of a means of automatic cut-off{ of resin supply
to the bath during halts in the winding, for example during
incorporation of the 0.001" dia. resistance wire into the roving
band, would be advantagecous frowm the voint of view of overational ease.

The commercial roving used in this study has proved to contesin
large numbers of broken fibres of short length. These have been
removed from the roving by the rods and scrapers in the bath but in ths
process tend to accurulate and can be troublesone. The provision of
a suction head adjacent to the filament band prior to its entry into
the bath so thet all loose ends were removed, would, it is considered,

be a further source of improvement to the equipment.
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Bone difficuliy was experienced in the course of this work in
the area of rewmoval of the msndrel from within the finished tube after
curing, the winding tension in the rovino after pessing throuzh the
impregnation bath being sufficiently high to cause the tube to bind
onto the sgplit mandrel despite the use of normsl releass agents such
as aluminium foil, silicon Jubricant etc. This has heen completely
overcome by the use of Melinex film as 2 release leyer and mandrel
liner combined. A side benefit to the use of Melinex has bzen the
high surface finigh imparted to the tube inner wallg The use of
room temperature curing PVC solution to provide a seazling leyer on the
interior of the tube has also proved very successful, the PVC
releasing very easily from the Melinex on removal of the mandrel.

The PVC was algo a very elfecitive liner, séaling the tube against
pressure loss due to seepage through resin cracks developed during the
internal pressure tests.

These tests, on three hoop wound tubes to determine the modulus
along the fibre direction and the major Poisson's ratio of the materisl
have been discussed very fully in Chapter 5. Results for the
longitudinal modulus were found to agree within 4% with the values
predicted by consideration of the tube oomposition but the results for
the major Poisson's ratio were initially poor. Investigation of the
cause indicated that the pressure test rig, which was designed as
part of this present work, was not in fact eliminating as desired the

longitudinal force component due to the internal pressure in the tube,

High compression of the neoprene rubber pressure seals at either end
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of the tube to eliminate small pressure lesks in the region of cidges
formed in the PVC lining by the butt joint of the Melinex wrap was
determined as a major contributory faétor, Stevs were taken to
eliminste this problem area and as a result the correlation between
predicted and experimentally obtsined values for a subseguent tube
was improved by several orders of magnitude.

A major field of study in the course of this work has been the
agssegsment for use as a strein measuring device of fine electrical .
resistance wire wound into a filament wound vessel along with the
reinforcement, This was undertaken because of doubt sbout the
significance of results from ordinary bonded stirain gauges on
filament wound structures. In an initisl pext of this study close
agreement with referenced values was obtained experimentally for the
value of the Gauge Factor of the wire when used either in the unbonded
state or when bonded to a strip of aluminium alloy as a bhasic
material, The rather tricky handling procedures associated with the
integral winding of this wire (0.001" dia.) in a tube were evolved
and the wire incorporated into two layers of a tube for testing under
internal pressure. The results were compared with those from foil
gauzes bonded on the tube outer surface. From consideration of the
consistent linear results from both windings of wire, st all times
within 4% of the calculated values, in comparison with the surface
gauge Tesponse which displayed a non~-linear chafaoteristic at low
pressure levels and were in poor agreement with caleunlated values, it
is eoncluded that this method makes it possible to take meaningful

strain measurement along the fibre direction with satisfactory resulis.
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surmnery

In the course of this work, following a review of filement
winding and the analysis of filawent wound comvosites, the design
of & helical winding machine to be cansble of use over 2 lerge renge
of winding engles hasg been undertakeon. The machine and its control
unit have been built. Deteiled study has been made of imnortant
areas of the winding process.

Teat apparatus to be used in the determination of some of the
elagstic modulii of the composite wag degirned and built, In an
initial experimental study, the machine has been used to wake hoop
wound cylindrical tubes using E-sless roving and cpoxy resin, The
tubes have been tested in the anparstus under internal pressure te
determine cexrtain elastic propverties.

Fine electrical resistance wire incorporated in the ro&ing
band during winding has been shown experimentally to provide a mathod
of taking strain measurements along the fibre direction with

satisfactory results.

122



1. Hibre Compoglte laterials ~ papers
nresented at a seminar of the Awmerican
Society for iMetals, October, 1964.

fmerican Society for ietals, 1965.

2. Rosato D.V. & Grove C.S. Filsment Winding

(1964) Interscience Publishers 1964,

3. Hollidey L.(¥ditor) Composite Materials
(19656)  Elsevier Publishing Co. 1966,
4. Torley J. (1968) “he Development of New Structural

Materisls - paper pfesented at a
symposium on "The Mechanical Reliability
of Turbo-machinery Blading' at Derby

and Digtrict College of Technology

April 1968.

5. Rosato D.V. (1967) Reinforced Plastics - What they can do
for you in the next ten yesrs

S.A.E. Trens. Vol. 75 Paper 660643 1967.

6. Hofeditz J.T. (1963) Structural Design Considerations for
Glass Pressure Vessels.

Engineering Papexr 1415, Douglas Aircraft

Company Inc. 196%,

123



7. Vong H.Y. (1963)

9. Card .. (1965)

10. Hashin Z;Rosen B.\.

(1964)

11l. Greszczuk L.B.(1965)

12, Tsai 5.4, (1965)

1%. Anon.

Structaral Considerations of Filament
found Cylindrical Shells

Revort lo. 8604 University of Glasgow -
Devertment of Aeronautics & Fluid

Mechanics 1968.

Structural Behaviour of Composite

Materials. NASA CR-T1 1964,

Experiments to Determine blastic Moduli
for Filament Vound Cylinders.

NASA TN B-3110 1965

Tlastic FModuli of Fibre Reinforced
Materisls.

J.App. Mech.,June 1964 Trans. ASHME

klagtic Constants and Analysis llethods
for Filament YWound Shell Structures.
Report No. SM-45849 liissile and Spece
Systens Div.,Douglas Aircraft Co.Inc.

Jan. 1965,

Strength Characteristics of Composite

*

Materials. NASA CR-224 196

i

Designn of VWood Aircraft Structures -
ANC~18 Bulletin, Second &dition,
Munitions Boerd Aircraft Comnmittee,

U.S.Dept. of Defence June 1951.

124



14.

15.Card 1.1,

16.

17.

18.

19'

20,

Von warman 7. and

(1941)

Taien H.O.

(1.966)

Herring H.W;Baucom R.,M,

(1968)

and Pride R.A.

Ambartsumyan S.A, (1964)

& Rosen B.V.

(1966)

Donnell L.H. (1935)

Batdorf 35.B., Stein M.
and Schilderout, M.

(1943)

Buckling of Thin Cylindrical Shells
under Axisl Compression
Vol. 8

J.fe .S, June 1941

Lxperiments to De.erwine the Strensth

of Mlament “ound Cylinders Loaded in

Axial Comnression

NABA T D-3%522 1966.

Mechanical Behaviour of Boron Epoxy and
Glass Epoxy Filament Wound Cylinders
under Verious Loads

NASA

i D-5050 (1968).

Theory of Anisotropic Shells

HASA  TT-F-118 1664.

Structural bBfficiency of Orthotropic
Cylindrical Shells Subjected to Axial
Compression.

ATAA Journal Vol. 4 No. 3 1966.

Stability of Thin Welled Tubes under
Torsion.

NACA Report HNo. 479 1933,

Critical Siress of Thin-Uslled Cylinders
in Torsion

WASA T D-4878

125



21.

22.

23,

24.

25,

26.

Crate, H.,Batdorf ©.B.

and Baab, G.W. (1944)
Jender G.'7., and
Dexter H.B, (1968)

Timoshenko £.P.(1944)
(1950)

Betényi M.

Smithells‘C.J.

Kaye G.W.C. & Laby 7.H,

The kffect of Internal Pressure on

Buckling 3ftress of Thin Walled Circuler

Cylinders under Torsion.

HACA ARR WO. L4R27 (1944).

Compressive Properties and Column

Lfficiency of Metals Reinforced on the

Surface with Bonded Filaments.

FASA TH D-4878 1968,

Theory of Plates snd fhells

MeGraw-Hill Book Comvany Inc. 1944.

Hondboock of Experimental Stress Analysis

Wiley & Sons Inc.

1950.

Metals Reference Boolk Volume IIT

Butterworths, 1967.

Tables of Physical and Chemical
Constants.

Longmans

1959.

i26



Aopendix 1 Chzese Brakine Unit

The desizn reauirement of the brake unit ig to provide a
congtant tension in the rovinas as they are drewn from the cheese.
The glass cheese together with a breake drum is keyed to a

shaft free to rotate under the pull of the tension in the roving

as it is unwound from the cheese

2 R
Br‘al(e l::!oc,<
Bf’&l(e C{VU'?'T'I ’/'_? .
: . ovy
radius + n
u 0‘!- -“Q'"'\%’b T
Cl?eese 5
rocliug
Notation ro = Jdnitial radius of cheese.
T = radius of cheese at any instant of time.
rd = radius of brake drum.
7 = tension in roving.
R = normal reaction at brake block.
F = brake torquet spring force,
M = brake coefficient of friction.

Considering this system, the equation of motion is
Tr -~ F = I6 (A1 - 1)

where I is the moment of inertia and € is the anszular acceleration.

As I 0 is very small in the present case, equation Al - 1 may be
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vwritten as
Tr = ¥ - = pir, (A1-2)
For the design requircnent of constont tension T, we have,
therefore

R = . “"' (Al - 3)

Initially, where 1 = L the normal reaction at the brake block

is R = R
T

O
ER (A1 - ‘4)

w=igo

and as glasg is unwound, at any subsequent instent from equation

Al ~ 3 we have

o= I o.oo 2 (fod)
H rd 113 rq
r T
= Ry I (o) (a1 - 5)
K 3

Therefore, to maintain a constant tension T in the filaments,

r -r . , .
a force T 0 must be applied at the brske mechanism to

l\
H d
diminish RO as the radius of the cheesge, r diminishes.

A linksge system is arrasnged for this purpose.

I L, l

,|\ xL., -—é O

i
X . ir:%,
2
;i

f— e —
: L
Ro
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A rollexr of weight, w rests on the surface of the glass
cheese at all times snd is connected throusn the levers, of
length Ll and L2 to the brake block. Rl is the force applied
through the linkage to the brake block by the roller at the
instant vhen the radius of the cheese is r. accordingly,

R (1 -y) = Fy (11 - 6)
.where I' is the force transmitted from the roller lever arm to
the block lever arm.

If this force I is applied by a compression spring F =lisA
where ks is the spring constant and A is the deflection of the
roller arm at the spring.

Since the commencement of winding, the roller has lowered

a distance (ro -~ 1), therefore

A = (ro - 1) x
and F = kg (ro -T) X% (A - 7)
9 — ’ — - Mﬁ_ - l -
Hence from Al - 6, Rl = ks - TS (ro r) (A1 - 8)
From equation Al - 5, to provide a constant tension T, Rl must
m -

equal T (Fo7F) and hence k= s o Loy (A1 ~ 9)

TR s jTy Xy

d

The required value of ks can nov be determined from equation Al - G,
To ensure that the roller stays in contect with the surface

of the glass cheese at all times, its weight w must be greater

than or equal to the maximum force reacted by the spring. This

ocours when r 1s equal to the inner (or spool) redius T, of the

cheese, Thus we must have, ignoring the weights of the levers

and spring, which are smell in compsarison,
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ie. W o= k (ro -T.) X (42 ~ 10)

A similar arrsngement can be made with a tension spring in
the place of the compression spring. In this case, the values
of Rovand w have to be increased by amounts iiix§'and fx
respectively to provide the spring initial tension load f and
apply net forces of RO and w at the brske and cheese as before.

The requirecment for an interconnecting spring between the
lever arms may be shown by consideration of an inextensional link
in place of the spring. In this case, as before

Ry (1-y) =Ty (81 - 6)
but F is determined by the relation
w = PFx (A1 - 11)

Hence for a constant value of T, from equation Al - 5, 6 and 11,

T (ro - 1)

[

X
W o= - I -~ would have to vary with

a much more invelved arrangement to be made feasible in practice.
From equations Al - 9 and Al - 10, and geometrical consider-

. ] L .
ations, the values of CS, y and ~2 may be expressed in terms of

L
. 1 . .
X or alternatively, for any one spring constant ks and tension T,

W
X =
(ro - ri)ks

L, U
Lo 1ex o= 1 e et
Ly (10 - ri)&

S

T

y = b
= m s}
Lo+ T Ay

B [T

. . r ~X.

o 1
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A linkage mechanism of this form using an extension spring was

designed and fitted to thoe gix choese shefts on ths machine.,
ol

The mechanism is visible in Figure 26. On the nachine
- AN
L1 4
L = 3,2V
o 5
. 1]
Tg ° 5
k, = 10.615 1b/in

(v + fx) = 1 1b
- e . fyv . e
The initiel brake block load ( = Ro + E”J §;) ig avpnlied by a
compression spring, menuslly adjustable for initial ternsion
loading of the rowing. The pivot point on the roller arm may
be adjusted between the positions where y = 0.15 and y = 0.75.
A constant value of T may then be obtained in the range 0.751lb

to 12.251b. For the 12 end roving used, this permits the

application of up to 11b of tension per end.
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Avvendix 2 A Study of the Vindin: Pattern 2t the Bnds of

Apart from any initizl delsy period at the end of the mandrel
at the start of the winding process reguired to "anchor" the ends
of the roving band before commencing to wind helicaliy at an angle
o, in each direction of travel, the delay times for each end will
be equal and depend onlthe angle of wind G and various maéhine
dimensions. The desired deley will be that sufficient to lock
the wind just finished and to position the rovings correctly for
the next wind so that the desired pattern is achieved without undue

uild-up of wall thickness at each end of the itube. Ag can be

seen from the diagram of the idealised pattern,

the sudden change of angle frem + Oy to - G without a delay tinme
will cause slippage of the roving., ~The reguired delay time is
that with which the roving, on returninz from the end of the tube,

will be laid alongside the previous wind as shown overleaf,
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<
Fig.TI

The delay will be made up of two parts.

4

When the carriage reaches the end of its travel, it will
have a lead over the point of contact of the roving on the mandrel
surface. During the first part of the delay Tiﬁ the ingtantaneous
value of the aungle of wind o will inérease from N to & while the

2

3
¥

roving follows a path over the mandrel surface to eliminate the
carriage lead and bring the point of conftact in line with the centre-
line of the imprégnation bath and the end of the mandrel. The
second part of the delay, Ty, holds the carriage stationary while.
the mandrel rotateé through the further angle reguired to bring the

point of contact of the roving band to the correct position for the

start of the return pass.

Notations

a distance in X - direction between fiﬁal cuide and point
Pi on mandrel surface.

1 mandrel length.

m number of mandrel revolutions wound at helical angle e

n - integer number of traverses of carriazge.

n_ mandrel speed (r.p.m.)

r mandrel radius,
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= o

Y

T

D L T

roving band width.
distance in Z direction vetween instantaneous points

P and on

distance in Z direction between points I’1 and P2m

circumferential delay distance.

Cinteper number of maidrel revolutions,

instantaneous point of contact of roving band on mandrel

surface between points P, and PZ.

1

instantaneous point of contact of roving band on mandrel

surface at end of winding at a = Uy e

instantaneous point of contact of roving band on mandrel

B

' T
surface at end of mandrel when « ='§ .
total delay time.

delay time during which angle of wind increases from

ﬂ
a =o toa =
Ie) 2

delay time reguired to hold roving pattern at end and

place in position for the start of the carriage return pass..

axis directions.

angle of wind at any instant during delay Tl'
desired helical angle of wind on mandrel.
small increment.

rotational angle turned througn by mandrel.

small angle defined in text.
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¢
! Both X
a
|
IANLE:
ﬁ—zowi\_—
Y

(e /T
a
a sechd
=X
C><()
Z,, P

Fig 1

Let the final guide lie at s distance-'a‘ in the X -~ direction
from the line parallel to the Z - axis throush the instantancous
point of contact of the rovings on the surface of the mandrel.
Let € bve the swall angle between the final guide and the plene
Y = r through the point of contact (which mey be assumed to lie
vertically above the mandrel axis (2 axis) since O is small). Let
3, be the carringe lead distance, i.e. the distance along the mandrel
axial (z -) direction between the final guide sentreline and the

point of coniact of the rovings on the mandrel surface, Let o

be the anzgle of helical winding on the mandrel. Then whan the
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carriage reaches the end of its travel, it will be the distance
Z ghead of the point of coutact Pi as shown in figure 1T where

z, = a seclootey (A2 - 1)

During the delay T., while the mzandrel rotates throush an angle

19

¢ﬁﬁ this lead distance Z, is eliminated by the roving band

following a path on the mandrel such thet the ansle of wind o
1] <

. . , s
increases from the valus Gy at point Pl to the value §-at the

point P2 in line with the centreline of the final guide where the
roving band lies tangential to the end of the mandrel.

Using a co-ordinate system r¢3 and Z on the surface with "zero
point" at P2, this roving paih over the surface of the mandrel

takes the form shown in fizure W,

e
o

P

2qr '
re

B %, Z, = Z
@. Development of cylinder b, Roving path betwezen points B and P,
Fig. T8

Where n and r are the mandrel rotational speed and radius
respectively,
n
r¢, =2 %%.Tl (42 - 2)

where delay time Ti is measured in seconds.
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Consider plot of x b vs. z between P’L and P2 for any angle

of helical wind G Figore Wh below,

Fig. IS b Enlarged)

At any instant when roving point of contact is P (rq},z) when
the instantaneocus value of the ansle of wind is «.

r = P.B + 7 tan .

B

An increment rich
AC}:?

(r constant for a cylinder) later,

(¢ + = P,B + BA + (z + Az) tan (¢ ~ Aw)

Now at point P, from equation 42 - 1; z = & sec £ cot «

rrj) = PZB + a secO

and similarly (z + Az) = a sec € cot (a - Ac)

i

.’.‘ r (+ M) PB +BA + a sece.

' rA(};S: BA

. L]

Considering the triangle ABC for small increments tending to O,

. . BA BC
¥ low [ P — -
the following relation holds, sin ha Sin [ 90 +(c:,-’.‘_’;cn)]

where BC tends to the value as Az tends to zero.

4 sin A «
Hence A = ==
¢ r cos a cos(a-A)
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2
a sec O cot o s2c¢” a bfo
(A2

r
making the usual approximation for small angles that tan Ao = Ac.

5 P | .. s . .
A plot mzy, be made of ¢ using equation A2 -~ 5 starting with

the known value of @3: 0 vwhen ¢ = and using the value of

oA

o e
tan o at o = 89,9997 to generate the initial value for Ach. Rest

B

of the points on the graph may be found by a step by step method.

Figure 27.
Using the value of ¢ obtained in this way for any angle of

wind o = Gy the delay time Ti may be celculated using equation

A2 - 2,

Part 2 To determine T,

£

It is recuired to estinate the delay necessary so that at
the end of each traverse, the commencement of the next traverse
positions the rovings alongside the previous wind as shown in
figare 1L, This implies that at the start of any traverse (other

W sec a

than the first), mandrel has rotated (I + —~§?Er"gﬂrevolutions

. th o
since the commencement of the (n ~ 1) traverse, where N is an

v osec o
integer rmumber of revolutions and ——z——->= is that part of a

2RY
revolution necessary to effect a shift of one band width 'w' in the
placing of the rovings.
Consider now the traverse of the carrisze, where by 'traverse’
we mean one couplete to and fro movement alony the mandrel length,
(i.e. 1 traverse = 2 passes). In the pass in one direction,

rotational angle passed through by mandrel is ﬁ)l + 2+ ¢>1

wherecﬁi is defined earlier in part 1, and m is numoer of revolutions
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wound at ¢y given by m = ——gmes——  fan G’o whera 1 is mandrel
lenszth end Z, ig the carvisse lead distance applicalle 1o ansle
of wind Cos &S defined in FPaxrt T, Then the delay ’i‘,{, seecurs with
the carriaze held stationzry still to position the rovings correctly
for the return pass, while during this the mandrel rotates throuzh

D . .
an angle = The carriags then commences return pass, during which,
assuming return pass is also winding at snzle a , the mandrel

‘ 0
rotates a further (q’ol + ami + rai) radisneg, after which a second
D

delay ‘1‘2 occurs during which mandrel rotates T fote that if a

pattern was being wound with unecual values of G, on outward and

eturn passes, these expresuions would have to be (2¢ Lt 2mlm°)
D
radians, followed by a delay P radiens, on the outward leny and
D

then (26522 + 21:127E1?) radians followed by a delay ;;«2‘- radians, on the
return leg. Beyond introducing additional terms, analysis is the
same as for the etual angle of wind case detailed.
Thinkin. in terms of the clrcunferential distance (rqb),

rather than the rotational angles '@ ' turned by the mandrel, and
taking commencenent of first wind as 'zero' on the developed
circumferent-ial r ¢ scale, the stert of the return pass is at the
point (r q') )11 = 2(r q'bl) + 27y + D. The start of the 2nd traverse
is at point (rq”:)z = 4 x¢h + 4dmmr + 2D and so on.  Thus all points
of the winid can be calculated in t‘*ﬁs narmer and if the starting
points of the outward passes are denoted by a single suffix and those
of the rafurn rasses by a double suffix we nave, in general terms,

(rqﬁ;)n = (4n - 4) reh, + (4n - 4)mmr + (22 - 2)D

(rcj))nn = (dn « 2}r¢'+ (4n - 2)smr + (20 - 1)D
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The circuamferential distznce beitween the st=riing peinis of the

th th . ,
n and (n - 1) troaverse at each end of wandrel is thug
4r q‘:l 4+ dmor 4+ 2D for n= 2 e 8, (82 ~ 4)

In o similar mammer, for unsiual wind zugles, the circumferential

distance would be
2rqﬁ1 + 2royT o+ 2i1$2 + 2ma,r o+ Dy o+ Dy (42 - 4a)
Now, we have seen that at the start of each pass, for the

rovins to be laid alonzsside the previous stvart and to lock the
& & P

hrevious band in position, the mandrel rusl have rotated
2 9

W sec G :
(v + Ry e revolutions, i.e. a civcumferential scsle distance
s

of (2nr¥ + w sec ao)o
Thus éhn$1 + detrm 4+ 2D = N.2%r + w sec a,

where N is first integer such that 2xrll - {(rqb)n - (rqb)n 1}
is positive.

¥ sec 29‘5
D o= ar(¥ o+ 2 L
A 2 o

- 2m)

and expanding m,

X

P M, - o - g 4‘ - ;£
= qrN + 5 880 O + 2 o secl 2rq;1 1 tan Gy
. e . 1, 2a,
where N is first integer > = (2¢p, + & tan o - 7= sec 0 ).
o Time delay T2 to be added to that required to eliminate

carriage lead over roving tangent point, Ti’ is given by

D &0 . .
T, = o= x == seconds vnere n_ is mandrel r.p.n.
2 27/ nm m .

Now it is obvious that on many occasions the calculated vslue
of D will not be an optimum value in practiss, althouzh it is the
value ensaring a single start pattern. Two cases are possible,

If the tangent point P2 is too near the desired starting point of
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the next traverse, D would be inadequate to ensure & lock on the

previous wind is obtained (vhere experience suzgests minimum

p L]

£
3

. D . . . .
required of order o= radians), In this case a subiultiple

Do

2n of a revolution can ve addsd where n is the integer number of
traverses necessary to regain ilnitial start position. The
calculated value of D should however be diminished by

W sec
n-1

- . 5 go that the start point of each traverse advances

1 v sec o
(N + ;) 27 + e and hence after n traverses, the start

point has advanced (n x N + 1)2xr + w sec N and roving is laid
alongside the original vath.

Similerly if the delay is too large, so that excessive builde
up of the wall thickness occurs at each end of the travel,a sub-

multiple 2n of a revolution can be subtracted but 'D' in this case

W 8&c
. Ca n-1 0
should still be diminished by e 5 go that each start
’ W osec a
point now advances (¥ ~ §J2ﬁr o Thus after n

traverses, start point is advanced (n x N - 1)2xr + w sec G, SO
that roving is laid alongside original path.
O 1= o ES

FPor example: suppose D proves too swall, then where D =
W sec W osec o

0 wem 4 = e ol 9
wall + 3 - 2r¢p, - 2wrm + F ¢ Onr - (= ) 5

the start points (rcﬁ)v and (rqb)nﬁ at eifher end of the travel
are gilven by:-
(I‘ ﬁb)i = 0

T o 1
(rqb)ll =l + = 4y e

(r ¢)2 = 27(1‘ (R‘T 4 ‘3-‘{) + W ogec G’O . _ﬁ_
1 3w sec ao
(rqb)22 = arr (0 + H) S el

SRTEN
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(rq§)5 = dur (i + I'];m) + 2w sec a, %

3 e

0n$)55 = Bar CT%—%) 4-§~w SeC ¢ . %
Generally, (r§b>ﬁ+j'z 2 e (0 + %) + g‘w sec o

- , 1 20 +1
(rgb)(n+:0bis = 27+ 1) ~r (0 + %ﬁ+ ~“2£Tww W sec a
when 3 =
(r(;':s)m:L = 2n mr(i + = ) + W osec a

(rc‘h)@»’rl)bis (on + 1)11*@ + n Lnﬂ) a

o
.7 . (4 . ™ 1 ‘] 4 £
both of which are 2n.nr (I + -ﬁ-) + 7 sec o advanced on the stard
positions at each end of first traverse. Fow this, as n and N
are integers, still sives the dgsired result, after n starts, of

8 pattern being laid that is placed alongside that previously laid.

From parts 1 and 2, the total delay time T is now scen to be

— o
T = Tl -+ 12
30 cfb 1 30 D
SRS AR . A s seconds
n n’m m
= 0 (e 4 2
. (q 4t 5 ) seconds

A logarithmic plot of deley time ageinst mandrel rotational
speed may be made for each anzle of wind @y In conjunction
with Figure 13, this may be used to aid seclection of a suitable
winding rate.

An example of such a plot has been made for a few angles

1 1 e s
ao for the two cases of a 3§ revolution and §~revoluulon locking
X
rotation at each end, for the case of a 23" long tube of 2"
- 3 't .
radius and a roving dand width of ;= Figure 28(a) and (b).

57
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APPZUDIX 5 A Study 1o Deterrmine the Strain Difference

Between g Bonded Resigtonce Tire ond the Besgic laterisl

L

Assuming that ihe resin layer carries no leoad, the sirain is
transferred into the wire by the lransfer of shear throush the

resin layer, and the following study may be made.

Pt

[ . P
aluminiym O | B \‘“""—\; N NN

resin — |

‘_.——_-W

—~—

vire —

X
U

Let subscyipts 1 and 2 refer to the aluminiwa and wire
respectively.
Let P  be the applied tensile lozd

T the shear‘stress in the resin

-G the shear modulus of the resin

E  Young's lodulus

A crose sechtional ares

b the effective breadth of the resin layer in chear

d the wire dianetfer

21 length of wire bonded to the alwniniun

u  displacement

pe distance

& the tensile strain,
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Considering the aluminium under an applied tensile lozd P,

>

the theoretically calculated strain 8, = -, Thie is the

o ’X ‘11
.l 4 1;.11
strain the resistance wire is reouired t9 nensurs, I the wire
\ . e AR . i
records a resistance change 7~ representing an average strain 82,
e _
. 1
wheve 5~ = Q@ say, then the apparent gauzz factor G.F. of the wire
1 . '
. [l A}‘(/IL 4 n _
will appear to be G.F. = =g~ while the true gavge factor G.F.
. . , AR . L
relating this observed value of -ﬁém to the calculated strain in the
. ca AR/R . -
aluminium 81 wil be G.F. waj'{“ . It ig readily apparent that
i
C.F = JQ; ¢« G.F. It is the size of this ratio § we recuire to
estimate for a resin layer thickness t and shear modulus C.
ar apr
- ......l. =TDh M ..,,._.g,, P - T b
dx ’ dx
du du,,
where P, = B, A s = A e
£ 1 bl .A.i dx I P2 L2 .{12 dx .
G
T = — (u, -u
t ( 1 2 ) *
. 2 1
at . & du du-z) G ar, 1 e
- S A v B Ll R ﬁq%ﬁ"m ax T A ""”‘"g
d_X dx dx (" L, £ lA 1 ax B ZA. 2 ax o
Gb 1 ]
- 5 Gy h..ct )"
11 22
dgﬁ 2 0 where p2 = &b € L. F . ) (A3 - 1)
i =y T BT T " Tt ME_ A T E_A -
e o2 ! 5 g
solution is of form T = C1 cosh Wx + C, ginh px.
Boundary conditions,
at x=0,7T=0, .. Cl = 0 andT = C, sinh 4 x.
at x =1, P2=O, Py=P
. du u P
D8 L o sommue S May e B
*todx el R VT dx v \EE, TEXR
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T 141

oo C2 I cosh ul

i T
and hence ¢ = "’f(g‘f_“‘f[“‘“‘:"'“ *
1L J11._1
TP .
P — / Tt b dx = .C_.a::;tlw_
1 }.L'""LJL: 143 9
at x. =1, PJ = P and so P,
T
A T e
boEE Ay
at x =1, P, =0 C,
o-o PZ = I} ﬁ’ﬁgl'}g"w“ (j.o-
ot =
and P = Pl_ - Pz

no end load.

. (43 - 2)
eo3RUE 4 g
cosiipyl 3"
F T sosh Wx ‘
_p E IR == N T E
M 'tfa,rﬂ_\l COSAH]‘ b
- (a3 - 3)
Logoshx
CELRE .

cosiil 1

CPD
o
Wt

Ay
03Bk % ”ﬂ

coshl 1 (83 - 4)

as required by asszumpition that resin layer carries

This assumpiion demands thal the same breadth b be

applied to the enuilibrium equations for the aluminium and wire to

permnit P = Pl + Pa to be satigfied for all x.
Pq 4 »
< G Db P sinh i x .
T O O - X = TCoshpi J* Vs
M U J,lAia_ ZAA.Z .
At x = O, ua =0 o 05 = 0
. G b P i1}
e C.f_.lﬁl_maAz
G b P [ sinh il .6
for x = 15 wu, = LJ«B‘I;? o L~ coshil 4 ° (a3 - &)
) _.1::1;48 4&2
N j Pj_ & P E G b (sinhu:{ ) + ] "
= .7:':’»—‘:‘ V: = H 1 a » C" ;- - X :L -z- > *
1 Bay 131:\1 TRy b coshpl 6

t45



At x = 0, u, o 0 o Uy o=
. P S G o ednhpx i
e Uy T Eby i a. . ( Leoshi] ) "}‘j (43 - 7)
o b gy
PGb [ sinnuwl - @ P
£ - e mai i bt o] e Ad - 8
for x = 1, Uy 4 2 2fucosh nl Lﬂ RN (a5 )
U otE LA |
1
extension us at x = 1
lengin 1

Now the averajze strain in the wire €, =

(1 - sinbpd
1 coshpl

pl

(43 - 9)

. banhpd
(1 aabE

E1A1+ hZAZ

As (W1) inercases, tanh (1) tends to unity, therefore since

large and Al is large compared with A, ,

1 is laxg
S (. Sl
2 By + EZAZ/A_ " w1l coshpl
. 1
.k k1 LA
T EA (1 ul) 1(l”ul>
i1
82 1
-'o Q = o= (1 o ) (A5 - 10)
CH L1
ui
Similarly, the average strain in the plate = T may be shown to be
P P 1 sinh U1 (A3 - 11)
i . - Patomi-brierlt v — ORI g -
LA Eiﬂl_ gil'coshul SN ElAi

By A 1 4
B A
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—— GLASS FILAMENT WINDINGS (SEVERAL mv:::*m)
BRUSHED ON LAYER OF BV.C.
RELEASE LAYER OF MELIN

P%ANUR?LL“3

\ M,;» MANDY

\) SUPPORT ROD.

Figl4 TYPICAL MANDREL BUILD-UP.

NOT TO SCALE.
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SEALING RING B
ADJUSTMENT BOLT

FILAMENT WOUND
TEST TUBE.

SEALING RING A
ADJUSTMENT  NUT.

COMPRESSED A'R
INLET TAPPING.-"

SPHERICAL RECESS.

— COMPRESSION PLATEN B

END PLATEN

NEOPRENE SEALING RING
SEALING RING SLEEVE ‘B

"TIE RODS

SEALING RING SLEEVE
NEOPRENE SEALING RING

— END PLATEN A

COMPRESSION PLATEN A

Fig.16 TEST RIG ASSEMBLY.



FigJ.re 19: Close-up of ’‘Advance’ V/ires in Tube 3iiall in the

vicinity of the surface foil strain gauge.



Pis',.re 20: Tube In Test Rij v;ith Pressure Control Unit

in background.
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