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ABSTRACT
One form of composite material consists of an amorphous matrix (generally a polymer)
with a set of fibres contained in fibre bundles or strands, embedded within it. Often the
strands are arranged in an interwoven fabric. Two-dimensional (2D) braiding provides

one means of creating such a fabric.

The composite’s properties depend very much on the configuration of the strands. This
configuration depends on aspects of the braiding process, such as machine size and
machine speeds. Thus there is a need to establish the relationships between the process

parameters and the resulting configuration for braiding processes.

In this research effort, relationships of this type were developed for hollow tubular fabric
“preforms” with an elliptical cross-section that varies in size along the product’s length.
These relationships take the form of both single line equations and algorithms with several
inherent equations and decision steps. The algorithms give the property distributions over
the preform surface. Relationships were developed for both steady state and transient

processes.

The algorithms, which were run for various process and mandrel conditions, gave
reasonable results. When run for circular cylindrical preforms, the results agreed with

previously published work.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Composite materials can have light weight, high strength, high stiffness, and low
production cost. As such, they are gaining widespread acceptance in the aerospace, sports
equipment, and other industries. One form of composite material consists of an
amorphous matrix (generally a polymer) with fibres imbedded within it. The fibres have a
high strength and modulus of elasticity. The strength and stiffness of the fibres are
combined with the flexibility of the polymer in the composite. The fibres are grouped
together in strands within the polymer. Generally the strands are arranged in a pattern,

often a pattern of interwoven strands, or "fabric”. Two-dimensional (2D) braiding



provides one means of creating such a fabric.

Conventional 2D braiding results in a tubular fabric. Thus it is only used for creating
shells or hollow items. However, a cylindrical tube is not the only shape which may be
fabricated. A tube of fabric could be laid in a mould and injected with the polymer to
create a more complex shape, such as a tennis racket frame. Alternatively, the braiding
process itself can be controlled to create a tubular shell with a cross-section that varies

along the shell’s length.

Good mechanical properties in such materials are often required. These properties depend
very much on the orientation, configuration, and density of the fibres. Since the ability to
produce a specified strand configuration is desirable, the relationships between strand
configuration and mechanical properties are sought. Also, relationships between aspects
of the process (speeds, etc.) and the resulting configuration are sought. It is the purpose
of this thesis to develop relationships of the latter type for some applications, specifically,
hollow tubular products with an elliptical cross-section which varies in size along the
products’ length. This thesis will consider dry fibre products (ie. without a polymer
matrix) called preforms. Matrix impregnation occurs after the production of the fibre

preform.



This thesis presents formulae and methods for finding basic fabric configuration properties
resulting from braiding onto certain shapes of mandrels under various process conditions
(or parameters), such as machine size, machine speeds, etc. The configuration properties
to be analysed in this thesis are the braid angle, the strand spacing and the cover factor.
There are other parameters which can be used to describe a configuration of strands, such
as ‘fibre volume fraction’; however, the three above are commonly used. A brief

description of the braiding process is given.

During braiding a mandrel is set up in a braiding machine as shown in Figures 1-1 and 2-2.
After starting the process, the mandrel moves axially away from the circle of strand
carriers. The carriers move about the circle, half of them in one direction and half in the
other direction, passing each other on alternate sides. This creates a woven fabric on the

mandrel. The fabric grows along the mandrel until the mandrel is covered.

As a carrier moves around the circle and as the mandrel moves forward, a strand is
deposited in the shape of a helix. The angle of this helix is known as the ‘braid angle’. It
is measured with respect to the longitudinal direction of the mandrel. Because this angle
partly describes the configuration of the finished fabric, it is referred to herein as a
‘configuration property’. After braiding, the braid angle may be different at different

locations along the mandrel. The braid angle at which the strand was laid down at



depends on how fast the mandrel was moving relative to the speed of the carriers at that
time and other factors. In this thesis it is assumed, during the braiding process, that
portions of the strand that have contacted the mandrel do not slide on the mandrel after

placement.

LA A B A A - -

~A._ Mandrel
Mandret  noider

Braiding carriers

Figure 1-1 The Braiding Process. From Du, Popper, and Chou, [2].

Many strands are laid down on the surface of the mandrel. The circumferential distance
between two adjacent strands on the surface laid down by carriers travelling in the same
angular direction (ie. parallel strands) shall be referred to as the “strand spacing’. This

clearly is another configuration property.



The third configuration property studied herein is the cover factor. The cover factor for a
region of a surface covered by a fabric is defined as the area covered by strands divided by
the total area of the region. This property is further defined in Chapter 3, and is calculated

using the braid angle and strand spacing.

1.2 Literature Review

Since braided composites are relatively new, very few papers have been published
developing the relationships between the resulting configuration properties and the
parameters (eg. carrier speed) of the braiding process. As stated, the fabric when
impregnated with a polymer, forms a stress bearing shell of composite material. Much
work has been done on determining the material properties of such materials based on the
orientation (or configuration properties) of the strands of such fabrics. Some work has
been done on using the relationships between process speeds and configuration properties

to control the speeds automatically to get the desired properties.

Pastore and Ko [1] studied relationships between composite fabric material strength and
configuration properties. They also developed the basic relationships between
configuration properties and machine speeds for cylindrical mandrels, presuming steady
state processes. These relationships were then used to develop a controlled braiding
system to produce a desired profile of configuration properties along the length of the pre-

form.



Du, Popper, and Chou [2] considered mandrels of circular section whose diameter varied
along the length of the mandrel. They developed equations relating the positions and
speeds of the mandrel, carriers, and strands, at any given time to the braid angle of the
fabric formed at that time. These were used to create differential equations which describe
the rate of growth of the fabric. They describe a technique to numerically integrate the
latter equations and also use the former equations to calculate the set of braid angles along
the length of the mandrel. This well constructed method thus gives the valuable
relationships between the process parameters and the basic configuration properties. They
also describe an "inverse" solution whereby the desired set of braid angles is given and the

necessary set of speeds is found.

Michaeli and Rosenbaum [3] also developed a computer control system for a 2D braiding
machine. The system was designed to produce a desired set of braid angles along the
length of 2 mandrel. They also studied how far the desired path of the strand can be from
a geodesic path before slipping occurs. Such deviation is possible (and usual) due to
friction between the strands and the mandrel and each other, due to the inter-woven
configuration. They showed that this allowable deviation for braiding can be 30% higher

than for a comparable strand winding process.

Applications of braided tubular fabric are presented by J.B. Sainsbury-Carter [4]. He
briefly discusses the merits of different types of fibre materials used. He also describes

techniques for fabricating objects of various shapes from the fabric and resin, such as,



expandable foam cores, heated female moulds, and shrink tape. Included in the discussion

are typical curing temperatures and pressures.

L.R. Sanders [5] adapted a commercial textile braider to use fibreglass, Kevlar, and
graphite fibres. He developed a compatible resin system so that pre-impregnated strands
could be braided. He performed a comprehensive study on the effect of temperature
during the process on the strengths of these fibres. He also studied the effect of

temperature on the strengths of the composite materials produced with these fibres.

McDonnell Douglas Astronautics Company [6] successfully adapted a braiding machine to
produce a composite material missile launcher. They are also adapting the process for use
on aircraft structural components by researching the properties of various braided
composites. They studied methods of attaching other components onto the product
during braiding and multi-layering for increasing the thickness, so that complex products
could be produced. For the launcher they developed a multiple piece mandrel which
defined a complex shape and held other product components. They added a control
system to automatically control machine speeds in different areas so as to produce the
braid angles which they determined were required. They developed equipment for

automatic transportation, resin impregnation, curing, and removal of excess material.

Soebroto, Hager, Pastore, and Ko [7] created an integrated design system for braided

tubular composites. They developed design curves relating braiding parameters to braid



geometry and experimentally verified them. A fabric geometry model was created for the

modelling of the composite’s strength properties.

1.3 Problem Definition

Du, Popper, and Chou [2] developed a model of the process of creating a preform with a
circular cross-section that varies in size along its length, by the 2D braiding process.
A model of the (2D) braiding of a preform with an elliptical cross-section that varies in

size along its length has not been published. This thesis develops such a model. The

model vields the distributions of cnnﬁgurah'nn prnpprh'pc over the prpfnrrn surface when
el Vilds The aisinputions of conhouration nronerties aver the naretorm ace

braided using specified time profiles of the process parameters, for transient and steady

states.

1.4 Thesis Outline

In Chapter 2 relationships are given between parameters of the process (for example,
machine speeds, preform dimensions, and machine dimensions) and the strand
configuration for the case of circular cylindrical preforms produced by a steady state

process. Also Du, Popper, and Chou {2] developed a numerical process (in lieu of



analytical relations) for finding the configuration properties along the length of a preform
of any revolute shape given the set of process parameters which may be time dependent.

This process and the inberent equations are described in Chapter 2.

In Chapter 3 a formula is developed for the "cover factor” of a fabric. This is one of the
quantities (or properties) commonly used in describing the strand configuration at a point

in a fabric which shall be referred to herein as "configuration properties”.

In Chapter 4 preforms with constant elliptical cross-section braided in a steady state
process are considered. Certain assumptions are made. Formulae are developed giving
the configuration properties around the preform’ perimeter. An algorithm is developed

which outputs the property distributions in a table.

In Chapter 5 preforms with elliptical cross-sections with section size varying along the
length are considered for both transient and steady state processes. An algorithm is
developed which traces the path on the preform surface on which each strand lies.
Equations are also developed to get the configuration properties over the preform surface
from this data. These equations are incorporated into the algorithm. The algorithm
outputs a table of strand co-ordinate points and the properties at those points for the

entire preform surface.

The algorithms were run for many process and mandrel conditions to examine their



accuracy. In Chapter 6 the results of these runs are discussed. The results of the
algorithms are compared for the same set of process parameters. Assumptions made are

discussed in light of the results.

Conclusions and recommendations for further study are presented in Chapter 7 .

10



CHAPTER 2

CONFIGURATION PROPERTIES FOR PREFORMS

Ao N ]

WITH CIRCULAR CROSS-SECTIONS
The purpose of this thesis is to study configuration properties resulting from 2D braiding
onto mandrels with elliptical cross-sections, both constant and varying along the length of
the mandrel. The configuration properties have been studied by others for braiding onto
mandrels with circular cross-sections, both constant and varying along the length of the
mandrel. That work is presented briefly in this chapter as the work of this thesis is based
on it. Also, a circular section is one case of an elliptical section (where the major and
minor axes are equal) thus the results of this thesis can be compared for this case. In

addition, some errors were found in the existing papers and are corrected herein.

11



2.1 Properties for Preforms with Constant Circular Cross-section When

Braided in Steady State

This section presents a study of the fabric configuration properties obtained when braiding

in steady state to produce a preform with a constant circular cross-section.

The derivation by Pastore and Ko [1] of the resulting braid angle, 6, which is uniform
over the surface, is repeated here. For the process running at steady state, during one

revolution of the carriers a tow is laid down as shown in Figure 2-1. The figure shows

that;
@ = tan™! ﬂ_)‘ (1)
a
where; a= the longitudinal distance traveled by the contact

point of the strand on the mandrel during one

revolution

12
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Figure 2-1 The Path of a Single Strand on a Mandrel with Constant
Circular Cross-section when Braided in Steady State

Because the process is in steady state, a is equal to the distance that the mandrel travels

during one revolution. Thus;

a=v, [2 n ::dlans] @

c

where; v, = mandrel traverse velocity
®. = angular velocity of carriers

(radians/unit time)

Therefore;

6 = tan‘l(.r_a.).‘i) Q)
\%

4

13



The strand spacing, S, is easily calculated. Because of circular symmetry, the distance
between any two same direction strands in the braided fabric is the same all around the

perimeter. Therefore;

§= = @

where; r = radius of mandrel
N, = number of same-direction tows

Pastore and Ko calculate the cover factor based on braid angle and strand spacing.

2.2  Properties For Preforms With Varying Circular Cross-section when

Braided in a Steady or Transient State

This section’s material is derived from Du, Popper and Chou [2] and is included because
the work of Chapter 5 is based on it. Du et al. developed a method to find the
configuration properties which result from braiding with machine speeds which are pre-

specified functions of time (typically constant speeds).

Figures 1-1, 2-2 and 2-3 illustrate the braiding process at one instant in time. Figure 1-1
indicates a ‘guide’ ring or ‘formation’ ring. This is a ring which the strands pass through
before contact with the mandrel. Its use is to assist in producing low braid angles if
desired, and is optional.

14



2.2.1 Process Relationships
Variables are defined as shown in Figures 2-2 and 2-3.
Rg =radius of circle of carriers or formation ring (if present)
t = time since beginning of process
h = contact distance at time t
ho = initial h
z = location of ring of strand contact points (‘Deposit plane’ in the figures) with
respect to starting end of mandrel, at time t
Zo = initial z
Rm = radius of mandrel at contact ring
y = slope angle of mandrel at contact ring

V, = fibre volume fraction

-Mandrel

Guide plang/g fo | 20 o

Figure 2-2 Deposition of Strands ( Du, Popper, and Chou, [2] ).
15
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Guide plane

e

\De&su plane

[V
Rem

4

e tangent to mandrel
at deposit plane

Figure 2-3 Deposition of One Strand ( Du, Popper, and

Chouy, [2] ).

The following equations are extracted from Du, Popper and Chou [2].

6 = tan™ [ Rg cos vy

=t

0 = tan™! [ Rm cos v -2
[ vdz]

Rg

dt
% . Rm o h = v,
Rg\J 1 [Rm h ta.n'y]:Z
Rg

16
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z=z0+j;'[v,—%]dt ®)

v - w siny
v -
2 Rm cosf sin[Z3T] €))
N,
C=1-(1-V77) (10)

Equation 6 has been corrected from that in Du et al, i.e. "dz/dt" replaces "z". Noting that

they define @ = dp / dt , the change is evident from Figure 5 in Du et al. (see Figure 2-4

herein).

Figure 2-4 Yarn Deposit Within Time Increment dt,
from Du, Popper, and Chou [2]

17



For a straight cylinder braided at constant speed Du et al. solved equation 7 analytically,
and found h as a function of time. Though not presented in their paper, using this and
equation 5, the braid angle could be found as a function of time. Using h(t), z as a
function of time could also be obtained. Thus, if desired, the braid angle as a function of

z, a configuration property profile, could be found.

For large values of time Du et al.’s equations reduced to equation 3 obtained in Section

2.1 for steady state braid angle.

2.2.2 Method For Finding Configuration Properties Over the Preform Surface

Finding the set of configuration properties which occurs for given machine speeds is
known as the "forward" solution. The initial value of h is known,; it is selected by the
machine operator. It could be a precalculated value based on equation $ to give a desired
braid angle at the starting end of the mandrel. Du et al. state that to find the configuration
property profile the initial values of the other variables are first calculated from the above
equations. Then a small time interval, at, is considered. sh is then found using equation
7. Thus h at the end of the interval is found as follows;

h = previous h + ah

From equation 8§;

18



z =previous z + v, at - ah
Since r and y are functions of z, they can now be found. Considering the next at, equation
7 is used to find the next ah. This process is continued until z reaches the end of the
mandrel. This yields a set of h values which enables the calculation of the braid angle

profile using equation 5.

Consider braiding onto a mandrel with a circular cross-section that is constant along the
length at constant pre-selected machine component speeds. The strands are wrapped on
as shown in Figure 2-2. Note that there is a longitudinal distance between the carrier
circle (or formation ring, if present) and the ring of points at which the strands contact the
mandrel. This shall be referred to as the contact distance, h. At the start of the braiding
process the machine operator attaches the strands to the mandrel as shown in Figure 2-2.
Thus the initial contact distance is selected as desired. After starting the process the
contact distance then changes over a time period until it stabilizes at a greater or lesser
value. This signifies that a steady state has been reached. The configuration properties

also change during the transient period and stabilize when the steady state is reached.

2.2.3 Method For Finding Speed Profile Required For Desired Configuration Property

Profile

Du et al. also developed a method to find the speed functions required to give a desired

19



configuration property distribution (for example, constant cover factor). Though outside
of the immediate scope of this thesis, this is presented in brief because it may be used by
others in the future to predict the required machine speeds for the production of elliptical

sectioned preforms.

For some applications a machine is run in a fashion intended to give a specified
configuration property profile, such as constant cover factor. Finding the machine speed
profile required is known as the "inverse" solution. If the angular velocity of the carriers is
set constant, the traverse velocity profile is required, or vice-versa. Knowing the initial
braid angle, the initial value of h is found from equation 5. The machine is set to this
position. A small segment of the mandrel is considered, az. For this segment the required
at and v, are found using equations 7 and 8. This process is repeated for the next

segments giving the speed profile that is required to produce the desired configuration

property profile.

20



CHAPTER 3

COVER FACTOR DERIVATION

As stated in the previous chapter, one configuration property considered in this thesis is

the cover factor. The cover factor for a region of a surface covered by a fabric is defined

' rate L3 KN
by strands divided by the total area of the region. Only one scurce

as the are

covered by strandg d
was found which presents a formula for the cover factor, namely Pastore and Ko [1].
However, this formula is unclear, therefore a correct formula is developed herein. The
cover factor of a fabric at any point depends on the spacing of the strands and the angle at

which they lay, the braid angle.

3.1 Derivation Of Cover Factor Formula

A unit cell is an area of the fabric such that the entire fabric is made up of and only of
"copies"” of this area. Thus for a uniform fabric the cover factor everywhere is equal to the

cover factor of a unit cell.
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Figure 1 in Pastore and Ko [1] (see Figure 3-1) shows a region of fabric and a rectangle
showing their selection of a unit cell. The unit cell selected for this analysis is shown in

Figure 3-3.

There are many patterns of woven fabric. That shown in Figure 3-2 is referred to as a 1 to
1 fabric. That shown in Figure 3-1 is like a 1 to 1 fabric except that it has vertical strands

also. However, Pastore and Ko’s analysis is for a 1 to 1 fabric, like that of Figure 3-2.

Figure 3-1 Unit Cell, from Pastore and Ko [1]

The cover factor shall be derived for a 1 to 1 fabric based on the given strand spacing, S,
and the braid angle, 6. Figure 3-2 shows a 1 to 1 fabric with a braid angle of 6 and a

strand spacing of S. Figure 3-3 shows a unit cell. The cover factor is;
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C=4 /4, a1

where; A_ = area covered by strands
A, = total area of the unit cell

C = cover factor

3-2 One-to-One Fabric
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ab

7

Figure 3-3 A Unit Cell of 1-to-1 Fabric

Note that the width of the unit cell shown in Figure 3-3 is equal to the strand spacing S.

With reference to the figure, A, is given by;

18
A,=4.—2-.5.e 12)
and;
S
= 3
2tané as
Therefore;
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Sz
2tanf

=

14

The covered area, A,, is the sum of the areas covered by the two strand lengths, 2 A,

minus the diamond shaped area of overlap, A;,. Again from Figure 3-3 A, is found to be;

A,=wd

and;

S
2 siné

d=

where; w =width of a strand

=wS
L2 sing

From the figure, A, is given by;

Ap,=2 a b
where;
w
a:
2 sinf
and;
b=a tan@

25
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(16)
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(18)
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Combining equations 18 to 20 yields;

w2

P~ sinBcosd @n
Thus;
Ac=2 AL_AD (22)
or;
- W - w
¢ sin [ 2 cos0] @3)
Substituting into equation 11 yields;
_2 S wcosf - w?
C 24)

S? cos®
This formula is used in this thesis whenever calculating the cover factor. Pastore and Ko’s

formula is given as follows;

c=2xwcosh - w?
x? cos?8

(25)

where; x = ‘unit cell width’ =2 = r/ N (for circular cylindrical mandrel)
N = ‘number of carriers on machine’
For a circular cylindrical mandrel, equation 4 for the distance S was developed herein.
Inspection of equations 4, 24, and 25 shows that Pastore and Ko’s formula for C is the

same as that derived herein except that their ‘N’ should be specified to be the number of
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‘same-direction’ carriers on the machine (not the total number of carriers on the machine).

For a fabric of 100 % coverage, Ko, Pastore, and Head [8] give 6 to be;

(26)

Forr=2cm, w =.2 cm, N; =36, this yields; 6 =73.35 deg.

Substituting these four values into equation 24 yields C =1, as expected. Substituting the
four values into equation 25 yields C = 1 if ‘N’ is taken as the number of ‘same-direction’
carriers. If ‘N’ is taken as the total number of carriers, equation 25 yields C = .0006 ,
which is incorrect. Thus ‘N” should have been declared by Pastore and Ko to be the

number of ‘same-direction’ carriers.

3.2 Jamming Test Formula

When the carrier velocities are increased with respect to the mandrel traverse velocities,
highér braid angles result. This "rotates" the strands, hence reducing the gaps in-between
them. Ifrotated sufficiently, the "edges" of the strands come into contact with each other
thus producing a 100% cover factor. If rotated more, then the strands bunch up. This
condition is known as "jamming". In this condition, equation 24 is no longer valid.

Thus before calculating a cover factor, it is necessary to test to ensure that the strands are
not jammed. For a given braid angle the strand spacing below which jamming occurs shall
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be derived.

Figure 3-4 shows two strands just at the jammed state. From the figure, g is calculated to

be;

_ W

&= cosf @n

where g is defined in the figure

and w is strand width

Jamming occurs when the strand spacing, S, falls below g. Therefore, jamming occurs for;

s<-Y
cosf 28)

3-4 Strand Spacing When Jammed
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CHAPTER 4

CONFIGURATION PROPERTIES FOR PREFORMS

WITH CONSTANT ELLIPTICAL CROSS-SECTIONS

4.1 Introduction

In this chapter, formulae and an algorithm are developed for the configuration properties
for fabrics formed by 2D braiding on a mandrel with a constant elliptical cross-section

along the length of the mandrel under a steady state condition.
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During braiding, each strand runs from a carrier to a "contact point” on the mandrel. The

“curve” formed by this set of points is referred to herein as the contact ring.

The assumptions of this analysis are;
- the absence of a formation ring
- the strand stays on the mandrel where it is put, ie. it does not slide on the

surface.
- the strands constrain each other to a planar contact ring.

- the strand is in a straight line between the carrier and the mandrel

How strands affect each other during braiding is currently unknown. The assumption that
the strands are straight between the carrier and the mandrel may not be true. However

this analysis still provides a first step in studying the process.

The "contact distance” is the longitudinal distance from the carriers to the contact ring.
The planar contact ring assumption and the steady state consideration dictate that the

contact distance is constant for this analysis.

The formulae for strand spacing and braid angle for this situation will now be derived for a
given point on the mandrel surface. These configuration properties will vary from the top
to the side of the mandrel; however, they remain constant longitudinally, as the process

was presumed steady state. The formula for cover factor, equation 24, is based on braid
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angle and strand spacing and was derived in Chapter 3.

4.2 Derivation of Strand Spacing

Figure 4-1a shows a strand being placed on a mandrel of constant cross section. Line 6-2
represents the strand. The configuration properties will now be derived for point 6, whose

co-ordinates are known.

Figure 4-1b shows strand 6-2 and the adjacent strand at a general instant in time during
the process. Points 2 and 3 represent carriers. The strand spacing is the distance between
the contact points of two adjacent strands. The strand stays where it is placed; therefore,
the spacing between the two contact points during the process is equal to the spacing

between the two strands at that point in the finished fabric.
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Carrier Circle

Figure 4-1a Deposition of One Strand on Elliptical Mandrel

4 y quadrant 1
6, 1
ﬂh 2
b
\QU s ¥
3 2
Carrier Circle

Figure 4-1b End View of Braiding Process with Elliptical Mandrel

32




The calculated strand spacing is for the mid-point, point 5, located between the contact
points. Thus the mid-point must be found in order to have a point and a property at that
point. An algorithm will be developed, which finds strand spacings at many points ( ie.
mid-points). Strand spacings at other points can then be found by interpolation from the

results.

When a strand is wrapped around an object the portion of the strand between the carrier
and the mandrel always remains tangent to the surface of the object at the point of contact.
Therefore this portion of the strand is within a plane, 1-2-6, tangent to the mandrel at
point 6. Line 6-1 is defined as the intersection of the tangent plane and the mandrel

surface. Point 1 is where this line intersects the carrier circle plane.

The first step of the analysis is to find the carrier, point 2. This will be done by
intersecting line 1-2 with the carrier circle. Before this, the equation of line 1-2 must be
found. This equation is determined because x1 =x6 , yl =y6 , and line 1-2 has the same

slope as the ellipse at point 1. For an ellipse;

N

x2
bZ

2
y=:ta’1-x—
b2

+

n|\1
N
|

Therefore;
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And;

ax
byb? - x2

Therefore, line 1-2 has the slope;

= x

B &

M= e —2
TR T @

bypr

where e, = £1

The value of e, depends on which quadrant point 1 is in. From the figure the following

table is found;
quadrant 1 2 3 4

e, -111-1
Also ;

l 2
¥, =ea l—b—‘2 3

And from the figure, for quadrants 1, 2, 3, and 4, e, is given respectively by 1, -1, -1, and

L.

Let line 1-2 be;
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y=Mx+B )

Point 1 is on the line. Substituting in x;, y,, and M, and noting that e, = -¢, , yields B;

ab
B= — ™
b? - x?
M is already known, thus line 1-2 is now determined. To find point 2, this line is
intersected with the circle;
x? + y? = R? ®)
where R = radius from centre-line to carriers
This yields;
~MB + ey[R¥(1+M?) - B2
- WRA(1+M?) ©)

(1 + M?)

where e, = £l

X, has two possible values because the line intersects the circle in two places. Given the

quadrant of point 1, examining the figure shows whether the larger x, value is that desired
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or the smaller value. Thus e; can be determined. Doing so yields, for quadrants 1, 2, 3,

and 4, e; values of 1, -1, -1, and 1 respectively.

Substituting into equation 31 yields y,;

Y, = Mx, + B (10)

Point 3 can now be found. All of the same-direction carriers always remain a certain

angular distance apart from each other. This angle is called . The angle @ is given by;

_ 2=
4 N, a€n
where N, is the number of same-direction carriers on the braiding machine.
Clearly the polar co-ordinates of point 2 are;
r, =R (12)
and;
Y, = tan;’ i, a3)

where y is defined counter-clockwise and tan,™ is the angle resulting from

tan™, with the sign corrected also (based on the signs of y and x).

Point 3 equals point 2 rotated about the origin by -g, thus;
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r; =R
and;
Y5 =Y, - @
Therefore;
X, =Rcos[tan;'& -]
X,
and;
¥s =Rsin[tan§'&-¢]
x.

14)

as)

(16)

an

To find point 4 line 3-4 will be intersected with the ellipse. Line 3-4 will be found next;

y =M'x + B!

The slope, M', is the slope of the ellipse at point 4, therefore;

ax,

M'=e ——2
b yb? - x.2

where e = =1

37

(18)

(19)



The sign of the slope depends on which quadrant point 4 is in. From the figure, for

quadrants 1, 2, 3, and 4, e; is given respectively by -1, 1, 1, -1.

Also, point 3 is on line 3-4, thus the line’s equation is;

y = Ml(x - x3) * Vs 0)
The equation of the ellipse portion to be intersected is;
a
y=e 2 BT @n

where e; = %1

The value of e; depends on which quadrant point 4 is in. From the figure, for quadrants 1,

2, 3, and 4, e, is given respectively by -1, 1, 1, -1.

Note however that as x, is unknown, e, and e are still unknowns. Point 4 is the

intersection of these two equations. Therefore, combining these equations, yields;

ax
7 _ 2 - 4
e — b° -x,° = ¢

b =

(g = X3) * s 22)
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Solving for x, and reducing yields;

esa b* - x?) - e a x, (x;~x;) = y,b [b%~x.? (23)

It is seen from the tables for e; and e, , that ¢ always equals -e. This yields;

es( a(b?-x2) + ax(x,—x;)) =p,b b?-x2 24)

Rearranging equation 49 gives;

esa(b>-xx;)

b 2_,2
b Xy (25)

Noting that e; = £1, and squaring, yields;

2
a
y Zb Z(b 4 - 2b 2x4x3 +x42x32) =b 2 —xf (26)
3
Solving this equation yields;

_ b? (@™, +eyylbYyPva*x2-a?b? )

by.2 + ak,?

X4

@7

where e, = 1

Since equation 50 was squared to give equation 51, equation 51 has two solutions.
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However, only one is the correct solution for equation 50. It is therefore necessary to
determine which solution (ie. which e,) is correct. Note that which solution is correct
depends on the value of e;. When e; is +1 equation 50 has one solution and when e, is -1
it has a different solution. Clearly both solutions will solve equation 51. Thus these two

solutions correspond to the two solutions of equation 51.

From equation 46 it is seen that an e, of +1 means that the ellipse curve to be intersected
with is the upper half of the ellipse and that an e of -1 means that the ellipse curve to be
used is the lower half of the ellipse. From Figure 4-1 it is therefore seen that the two
solutions of equation 51, ie. of a line through point 3 and tangent to the ellipse,
correspond to one line which is tangent to the ellipse, in the upper half, and a second line
which is tangent to the ellipse in the lower half. Point 3 is known. Which half of the

ellipse is involved (and hence which value of e;) depends on the location of point 3.

Inspection of the figure reveals that when point 3 is in the upper two quadrants the tangent
point wanted is that with the lesser value of x. Thus the correct x, value is the lesser of
the two possibilities. Thus e, is -1. When point 3 is in the lower two quadrants the
greater x, value is correct. Because y; is negative here, this means that e, is again -1 (see

equation 52). Thus for both cases e, is -1. This yields;

_ b¥a’x;-y, fzzyfw x,2-a%h?)

28)
b 5’32 + azx;

X4
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Next, for Y:,as Stated;

~

y4=es-z- bz_x4 29)

Thus e, must be determined. As stated previously e is positive if the strand contacts the
upper half of the ellipse, and negative if the strand contacts the lower half of the ellipse.
On which half the strand contacts the ellipse can be determined from the location of point
3. If point 3 is in quadrant 1 then the upper half is contacted. Rotating point 3 clockwise,
entering quadrant 2, the half contacted remains the upper. However, when x, decreases
below b the half contacted becomes the lower half. For quadrant 3 it remains the lower
half. In quadrant 4, when x, increases above -b, the half contacted becomes the upper half

and remains so until point 3 is back in quadrant 1.

As point 3 is known, €; can now be considered a known quantity. After finding point 3 a
person could determine e, from the figure, as stated above, or a program could do a test
on X, and y, to determine e;. The test is expressed as follows;

if (x;<-b or (x;<b and y;<0)) then e; = -1, (otherwise e, = 1).

Thus y, is determined by;
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Y, = e % b* - x.2 30)

Point 4 is now determined. The strand spacing will be found next. This is the distance
along the perimeter arc between points 1 and 4 (see Figure 4-1). Fora change in x, dx,

there is a corresponding travel along the arc of ds. The change in y is dy which is given

by;
-9
dy o dx 31
ds is equal to;
ds = (@) + (&) (32)
Thus;

ds = de |1 + (2 (33)
\J dx

The length of the arc will be the sum of the ds’ along the arc, which is;

- + (By 34
SZJI (dx)dx (34)

S-(* J1e(2ra @9
dx

xI
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Substituting in dy/dx for an ellipse (equation 32) yields;

2..2
S=[" |1+ 232X i 3
2 N b¥p2-x? 6

This is the strand spacing. The analytical equation for this integral could not be found in
Spiegel [9], Abramowitz and Stegun [10], nor CRC Handbook of Chemistry and Physics
[11]. Thus a geometrical approximation is used. The arc is approximated with a straight

line.

Therefore, the strand spacing, S, is;

S = J(V‘;-yl)z * (x4—x1)2 37

The braid angle is also required for this region. As stated previously, the strand spacing
applies to the mid-point of the arc. Thus the braid angle is required at this point also.
Thus it is necessary to find this point. The point is located on the arc, displaced by one
half of the strand spacing (clockwise) from point 1. Thus, again, equation 61 could be
used where S is known in this case or a geometrical approximation can be used, as is done

herein.
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Figure 4-2 shows a straight line from point 1 to point 4. A second line perpendicularly
bisecting this line will intersect the ellipse arc at a point very close to its mid-point. This

will be taken as the mid-point.

Figure 4-2 Approximation of Mid-point Between Strands

The slope of line 1-4 is;

- Y=

M
“ i (38)

From basic geometry the slope of line 6-5 is then;
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1
Mg = ——— 39)
M 14
X, X,
M. = 1 74 40)
s = ¢
The centre of line 1-4 is;
X, + X,
x = 41
s == @D
Vs TV
Yo = =t @2)
2
Therefore the equation of line 6-5 is;
Y = Mg (x-x)) + y, 43)
For point 5, this is intersected with the ellipse arc;
a 2_,2
Y =g 3 b -x 44)
where e; = %1
Combining and solving yields;
M x-Mysve, — Jaz"Msszxsz"’ 6Vs¥s Ve 1
X5 = > 435)
a 2
F Mss
where e, = £1
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The two solutions correspond to the two intersections with the ellipse. It can be seen
from the figure that when x, (equation 66) is positive, the greater solution for X is the
appropriate one, thus for this case e, =+1. When x, is negative, the lesser solution is

correct, thus for that case e, = -1.

The y co-ordinate is;

Vs = Mgs (x5 — x0) + g (46)

This gives the "mid-point" to which the properties found apply.

4.3 Derivation of Braid Angle

The braid angle at the mid-point is desired. Figure 4-3 shows the strand laid down in the

small region around point 5. By definition;

“n

where e and d are as shown in the figure



axial
%— \ direction

Figure 4-3 One strand of Fabric on Mandrel

As previously assumed, the strand remains on the path that the contact point took across
the surface. Therefore e is the distance travelled by the contact point in the
circumferential direction around the mandrel surface in a certain small time and d is the

distance travelled in the axial direction in the same time. Therefore;

6 = tant e
tan 48)

Va

where; v, = speed of contact point in circumferential direction

v, = speed of contact point in axial direction

Because the constraint assumed in this Chapter is a planar contact ring ( hence a constant
contact distance), the axial velocity of the contact point relative to the mandrel surface is

equal to the traverse velocity of the mandrel.
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Va =V 9

where; v, = traverse velocity of mandrel

Thus it is necessary to find v_. Figure 4-4 shows the end view of the braiding process,

showing a strand passing by point 5. From the figure it can be seen that;
; 2+ vy2 50)

where; v, = x component of v,

y =y component of v,
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Figure 4-4 Braiding Process, Elliptical Mandrel, End View

vy is found in terms of v,;

Thus, from equation 75;

49

1)

(52)



, =
v, = |v| J 1+ % (53)
b(b~-x5°)

(34)

Therefore;

| 22 (55)

Note that dx,/dp is not used because this a function of B, and B is an unknown. dp/dx. isa

function of x;, a known value, and so it is used instead.

| dB/dx,|is found as follows;

B _ dp
dxs dxs dxs (56)
And hence;
BBy 2= 5
de dxs dxs ( 7)
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From Figure 4-4 it is seen that;

= -lﬁ+
P=e, cos R f (58)

where ¢, = x1

and e, and f are constants which depend on which quadrant point 8 is in.

Differentiating equation 83 gives;

g _, _ -l

4
dx, ‘/Erxsz (59)

Therefore;

dxg R?—%2 (60)

dx,/dx; will be found next. Using point 5 and equation 34 yields;

yRY(1+M?) - B2
1+ M?

X3 = -MB + ¢,

(61)

where;
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M=e, ——— 62
b b%-x}? ©2)
e,.ab

B = 10
63
e x52 (63)

and e, €, and e, are taken from the tables for ¢,, ¢,, and e,, respectively, based on the

location of point 5. Point 8 is the same function of point 5, as point 2 is of point 1.

It can be seen from their tables that e, =-¢,, and e; =¢, . Thuse,, =-¢,4,and e, =¢,,.

Substituting in M and B, and differentiating, yields;

dx. R2 ’DYb2-b=D)  2era¥(x.+x:D)C

5 = —e;"oazD - 23120alxsZD2 . e;ol (x5:x5 ) ) _ “€y0 (25 s2 )

dx; C(1/(eaD)+x*/b?) (b/B+ela*x2/b)>
(89)

where;
1
D =
(90)
172—x52
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2 2.2
e ga-x:D
C=J R2 ( 1+-‘—°b2—5-) - ela®?D

Taking the absolute value of this, | dx;/dx, | and | dB / dx, | are determined, and hence

| d/dx; | is determined.

In summary, the braid angle at point 5 is;

where v, and v, are determined using equations 74 to 91.

44 Algorithm

This section presents an algorithm which constructs a table containing a set of points on

the mandrel surface (ie. around the ellipse) and gives the fabric properties at each point.

The table only contains points on the right half of the ellipse (see Figure 4-1) as symmetry

then determines the other half. Also, due to symmetry, only the strands of clockwise

direction are considered.
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The cover factor is determined by the braid angle and strand spacing of two opposing sets
of strands. The algorithm calculates it based on only one set and assumes that the other

set has the same braid angle and strand spacing.

Figure 4-5 presents the algorithm. In the flow chart, “calculate” means calculate using the

equations developed in this chapter.
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test S for jamming, if so, C is invalid

Print x,y5 8,8, C

Figure 4-5 Algorithm 1
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CHAPTER 5

CONFIGURATION PROPERTIES FOR ELLIPTICAL
CROSS-SECTION PREFORMS WITH CROSS-

SECTION SIZE VARYING ALONG LENGTH
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5.1 Algorithm 2 Analysis

This chapter presents a model of braiding onto an elliptical section mandrel with cross-
section size varying along the mandrel under transient or steady state conditions. An
algorithm, Algorithm 2, is developed which generates a table of representative points over

the surface of the mandrel and the configuration properties at those points.

In this case a planar contact ring and a constant contact distance will not be assumed. It
will be assumed that a strand is laid down without any influence or interference by other
strands. This different assumption is made in order to permit the analysis of mandrels with

a section size that varies along its length and also both transient and steady states.

The other assumptions of this analysis are as before, namely, the absence of a forming ring

and that the strand does not slide on the surface of the mandrel.

The algorithm will find the path on which each strand lies, on the mandrel surface. Clearly
an algorithm is first needed which will find the path that one strand lies on. As stated
before, the final path is equal to the path on the surface over which the strand contact

point travels. Thus this "contact” path will be determined.

The algorithm will be given the initial x, y, z co-ordinates of the contact point at the

starting end of the mandrel using a co-ordinate system on the mandrel surface. It then
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uses a time step, dt, in finding the new location to where the contact point has moved, ie.
the next contact point. It will then consider the next time step, dt, and find the next

contact point. It will continue until the end of the mandrel is reached.

Clearly the formulae to obtain the next contact point when given a current contact point

and a time step are needed.

5.1.1 Point-To-Point Analysis

Figures 5-1 and 5-2 show the process at a general instant in time. The mandrel is shown
in Figure 5-1. Point 1 is an arbitrary point on the mandrel, the current contact point. The
elliptical cone shape shown in Figure 5-2 is defined to be the cone which is tangent to the
mandrel surface at z,. Line 1-3 represents the strand, which is tangent to the mandrel
surface at point 1. Figure 5-3 shows the portion of mandrel traversed over by the contact
point during the time dt. Again, point 1 is the "current" contact point, the same as point 1
in Figure 5-2. Point 5 is the point that the contact point travels to, ie. the "next" contact

point. Thus it is desired to find point 5.
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Kstrand

3

Figure 5-1 Deposition of One Strand

Figure 5-2 Deposition of One Strand (Geometrical Parameters)
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Figure 5-3 Portion of Mandrel Traversed During dt

The method of finding point 5 presented herein involves first finding dz and then using it to

calculate point 5.

Thus dz will be found (the z-direction travel of the contact point over the time period dt).
Line f (Figure 5-2) represents the strand. It is, due to the process, tangent to the tangent
cone. There is a plane containing line f, and tangent to the tangent cone. The intersection
of this plane and the tangent cone will be called line d. It is seen that the triangle 1-2-3 is

tangent to the tangent cone. As the strand portion just laid down is in the same direction as
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the taut strand, the braid angle is given by the angle 2-1-3.

In Figure 5-3, line k is the line where a plane tangent to the tangent cone and containing
point 1, touches the tangent cone. In other words, line k is a small part of line d. Line e is

where the strand lies; therefore, by definition, angle 4-1-5 is the braid angle.

Thus line k is collinear with line d, and line e is collinear with line f. Lines d and f intersect
a plane perpendicular to z to give points 2 and 3, and lines k and e intersect a perpendicular

plane to give points 4 and 5. Therefore, triangle 1-4-5 is similar to triangle 1-2-3. Hence ;

WY

-k
m

92)

It will be seen that all of these lengths can be found in terms of dz. Solving the equation

will then yield dz. Thus these quantities will be found in terms of dz.

Before d can be calculated, it is necessary to define a term "G". G will be the growth rate

of the mandrel section size at the location on the mandrel, z.

That is, G is a function of z, defined as follows;

Q
1l
~ |8l

(93)
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where r is any dimension of the mandrel section, such as the major axis of the ellipse, or the

distance from the centre to the point at 45° on the ellipse.
p

For a given dimension then, G is the change in that dimension for a change in z, as a
fraction of the original dimension. Thus for the case of this analysis, at any distance z, G is

the same for any defined dimension (eg. major axis) of the section.

Because the ellipse major-axis is a known function of z (the mandrel shape is given), G will

hereafter be considered a known value.

If r increases linearly with z, then;

r.,—rl

G = — —— 94
(z,-z) r| 69
Rearranging;
rp-r = G6@E-z)r 95)
And;
r, = (G(z,-z) + 1) r, (96)

Now d will be determined. r, will be defined as the distance from the z-axis to point 1, and

I, as the distance from the z-axis to point 2. From equation 95 ;
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(r, - r) = Gz,-z) r, 7

(r,-r)=Ghr (98)

From Figure 5-2 and Pythagoras’s Theorem, it is seen that;

d = J h? + (ry-r)? 99)

d = \[h* + Gh%r? (100)

d=h ‘/1 + Gr? (101)

To proceed with equation 92, it is necessary to find c. From Figure 5-2, it is seen that;

¢= J(xs X)) + (5-p,)° (102)

Thus x,, ¥,, X;, and y; are needed. From equation 96 and Figure 5-2, it is found;

x, = (Gh + 1) x (103)

63



¥, =(Gh + 1) y, (104)

Point 3 is the intersection of the line tangent to the ellipse at point 2, and the carrier circle.
Thus point 3 is derived from point 2, in the same way that point 2 of Chapter 4 is derived

from point 1, in Chapter 4. From equation 34, thus;

_ -MB + e; y R¥(1+M?) - B?
(1 + M?)

(105)

where;

(106)

and;

B = — (107
b? - x}?

and e,, €, and e, are from their tables in Chapter 4, based on the quadrant of point 2.

And from equation 31;

y; =Mx; + B (108)

Thus c is now ‘known’.



k will be determined next. From Figure 5-3, and Pythagorus’s Theorem;

k= (@@ + @y - r)? 109

Also;

s~ =Gdzr (110)

r

k = dafl + G2 111)

It is next necessary to find m. From Figure 5-3, it is seen;

m = J@&-x)* + (s-y,) 112)

From equation 96 and Figure 5-3;

x4 = (G dz +1)xl (113)

Vs = (G dz +1)y, (114)
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Values of x5 and y, are needed next. During dt the strand carrier moves about on the
carrier circle by an amount dB8. Also, dB = w, dt, thus dB is a known value. Thus before
the time step, a strand runs from a carrier to a point tangent to the mandrel ellipse. Then,
after the time step, the strand runs from a point shifted by dB on the carrier ring to a new
point tangent to the mandrel ellipse. The displacement which occurs for such a tangent
point, corresponding to an angular displacement of a carrier point has already been
developed in Chapter 4. There it is the strand spacing for carriers spaced apart by o.

These equations will be used to determine x; and y..

Equations 29 to 55 determine point 4 (of Chapter 4). Using the ellipse at z,, and
substituting in point 1 of this chapter results in an x, and y, (of Chapter 4) given by

equations 53 and 55.

This point is exactly where point 5 would be if the ellipse size was not changing. If the
ellipse is growing then x; and y, will be very slightly larger than these values, due to the
ellipse's expansion. However, as smaller dz's are chosen this error drops to zero, thus
giving excellent approximations of x; and y;. Thus these values will be used for x; and y; in

solving equation 92 for dz.

Equations 53 and 55 are based on variables x; and y;, etc. which are developed in Chapter
4. Therefore the final result is not given in the form of one equation, but in the form of

many. Thus all of these equations are not repeated here, because the only change to them
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is that x,, y, should be replaced with x;, y;.

Thus x5, y5, and m are now known values. It is now possible to substitute in all the
variables of equation 92 and solve it for dz. Inspection reveals, however, that this is a very
high order equation, hence yielding many solutions for dz. A method of selecting the
proper dz value has not been revealed. Therefore a very slight approximation will be

made. x, and y, are given from before by;

x, =(Gdz + 1) x, (115)

Ve = (G dz + 1) y, (116)

Because dz is infinitesimally small, G dz + 1 is approximately 1. Thus in solving for dz, it

will be presumed;

X3 = X ary

Ya =0, (118)

Now substituting variables into equation 92 yields an equation where dz occurs only once.

Substitution yields;
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h‘/l + G2 dz ,[1 +G°r?
— = : (119)

Vo201, s x P+,

where x,, y,, X;, 3, X, Vs, Xs, ¥ are as derived above.

Reduction and re-arrangement gives;

_ b ) sy
{05552+ (3 p,)

dz (120)

Thus dz is now a known value. This value will now be used to find point 5, the next

contact point. Clearly;

z3 =2 +dz (21

Xs and y; were determined approximately, but the slight increase in ellipse size was not
accounted for. The found xs, y; is a point on an ellipse of the size of the ellipse at z,. Point
5 should be on an ellipse at z =z, + dz. Therefore the approximation will be improved by

increasing the co-ordinates by the percentage increase of the ellipse. This yields;

xs = (G dz + 1) x,(found previously) (122)

¥Ys = (G dz +1) y, (found previously) (123)
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Thus the next contact point has been determined.

This point can now be used to find the next contact point after it. In an algorithm, x,, y,, z,
are next assigned these values and then the same set of equations is used again for the next
iteration. Note also, however, that during the time dt, h has changed. Therefore, h must
be updated before doing the next analysis. Because the strand has moved up the mandrel
by dz, h has decreased by dz. However, also, because the mandrel has moved away by

V. dt, h has increased by this amount. With "n" for new and and "o" for old, this yields;

h,=h, ~dz + v, dt 124)

5.1.2 Calculation Of Braid Angle

After repeating the process several times, a set of points is obtained representing the path

on which the strand lies, on the mandrel surface. During the calculations at each point, the

braid angle can be found.

The braid angle at point 1 will be derived (see Figure 5-3). As stated, angle 4-1-5 equals

the braid angle. The angle is given by the formula for an angle in a triangle, which is;
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I k2+82"m2

0 = cos”
2ke azs
Lengths k and m are given in the previous section, and e is clearly;
e = J(xs—x,) > +(5-y,)? + dz? (126)

where the parameters are given in the previous section.

5.1.3 Calculation Of Strand Spacing

As stated, the algorithm will calculate a set of path points for several strands. The strand
spacing will be found at each path point. To calculate a strand spacing, a strand’s path
points and the path points of the adjacent strand must be used. Figure 5-4 shows three

such points.
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Figure 5-4 Strand Spacing at a Path Point

The strand spacing at path point ¢, between the two strands, will be found. Points a, b, and
c are path points. Point p is defined as the point on strand 2 with the same z value as point
c. Thus the strand spacing is the distance between points ¢ and p. Point p will be found by

interpolating between points a and b. This yields;

z,-z, ( ) 5
X =x + X, - X
P a zb_za b a (1 7)
and;
ZC-ZG
yp =Y. * (yb _ya) (128)
Zb—za
Thus the strand spacing is;
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S = Jt,~x + 0, ».) (129)

5.2  Algorithm 2 Flow Chart

As stated, the algorithm finds the path that each strand lies on, on the mandrel surface.
One feature of the algorithm is that it locates the initial contact point of all of the strands.
In configuring the initial set up of the strands, they are presumed to all be attached to the
very end of the mandrel. The only attachment information required by the algorithm is the
longitudinal distance of the mandrel end from the carrier ring. Thus each strand’ initial
contact distance, h, is the same (this distance). The first strand is initially presumed to be
attached at the very top of the mandrel, ie. x =0, y =a. The location of the next strand is

calculated by the algorithm.

As stated, during braiding all strands are always tangent to the mandrel where they contact
the mandrel. Therefore the algorithm presumes that the first strand is attached tangent to
the mandrel and that it runs to a carrier, and that the strand from the next carrier is also
attached at a tangent point. This, therefore, locates the contact point of the next strand.
Where such an adjacent contact point is, is given in Chapter 4. Therein it is called point 4
and is given by equations 29 to 55. Thus the algorithm uses these equations to find the
adjacent strand contact point. It then uses this point and the equations to find the next

strand’s contact point, and so on.
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The algorithm is presented in a flow chart. Therein, the word ‘calculate’ means calculate
using the equations derived herein. x(i), y(i), z(i) are the co-ordinates of a path point for
strand i. They are re-assigned (and printed out) as the program progresses, rather than

storing all of the path points in an array of a size initially unknown.

The shape of the mandrel is input via a subroutine. As stated, the section size varies with z.
However, the section shape, or a-to-b ratio (see Figure 5-2), remains constant. The ratio,
b/a, is input as a constant. Therefore, now the function of ‘a versus z’ completely defines
the mandrel shape. This function is present in the algorithm as a subroutine (see
“afunc(z)"). Thus this subroutine must be edited in order to input the mandrel shape

information.
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Read dt. b. v, O, b/a, length, R, w, N,

|

a = afunc (0) (see afunc subroutine)
b=b/a*a
calculate df

T

x(1)=0

y(1)=a

z(1)=0
l

=2 n

<K=N/2 |—>

————» =i+l

y
calculate x(i), y(i) based on x(i-1), y(i-1)

z(i)=0

i=l

i<=N/2 |, Print

- x(1), y(1), (1), 8(1), S(1), C(1),
g B x2), ¥(2), 2(2), 6(2), S2), C2),

x(N/2),y(N,/2),z(N,/2), 8(N/2), S(N/2),C(N,/2)

Y

( continued on next page )

Figure 5-5 Algorithm 2
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l

comment: find next path point for filament i

x=x(1), yi=y(D, z;=2(i)
a=afunc(z,), b=b/a* a
G=Gfunc(z,), b=h(i)

e=1, e,=-1, ;=1
if (yl<0) e,=1, =1, e;=-1

calculate x, and y,

calculate x; and y,

calculate x, and y,

calculate x; and y, (approximately)
calculate dz

calculate z

calculate x; and y, (more exactly)
X(l)=x5, Y(i)=YS: Z(i)=%
h(i)=h(i)-dz+v *dt

calculate 6

calculate S to adjacent, (previous), filament
calculate C

|

[Subroutine afunc(z) J
Y
afunc=1+.2z (eg.)
Y
Return to main

[Subroutine Gﬁmc(a
Y

Gfunc = { afunc(z+.1) - afunc(z) } /.1 / afunc(z)

V-
Return to main

Figure 5-5 Algorithm 2 (cont’d)
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5.3 Algorithm 3

The assumption made for Algorithm 2 was that the strand is not interfered with while being
laid down on the mandrel by anything other than the carrier and the mandrel. The
assumption of Algorithm 1 is that the strand is interfered with by other strands. The
assumption is that the other strands push the contact point of the strand axially along the

mandrel, confining it within a planar contact ring.

Thus the assumption of Algorithm 2 truly applies to free winding rather than braiding,

however Algorithm 1 only models the steady state. Thus Algorithm 3 will be created

WhiCh uses the pﬂ:ngiz_ﬂ < gf Aloorithm 2 ut which ;nl‘nrpcrofnc_ the assumntion cf

-~ R R -~

Algorithm 1.

For Algorithm 3, again all of the same direction strands have their surface path determined.
For each strand, the next path point (based on the previous one) is calculated in exactly the
same way as for Algorithm 2. However, having done this, the average ‘z’ value (axial
distance along the mandrel) of the contact points is taken. This value is then assigned to
each of the contact points, to replace the calculated value. This effectively moves the
contact point up or down axially along the mandrel, so as to keep it in a planar contact
ring, thus establishing the assumption of Algorithm 1. Otherwise, the algorithm is identical

to Algorithm 2.

The braid angles, strand spacings, and cover factors are then calculated as before.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 Algorithm 1

A computer code was written for the algorithm which determines the configuration
properties of fabric preforms formed by 2D braiding in steady state on a mandrel with
constant elliptical cross-section (see Chapter 4, Algorithm 1). The results of several

program runs are discussed in this section.

Each run of the program considers one set of process and mandrel conditions. This

corresponds to one set of input variables or ‘process parameters’. A sample output is

included in Appendix A. The input conditions, hereafter referred to as Case 1, are:
a=2cm,b=1cm, o, =0.116 rad/sec, v, = 0.15 cm/sec,

N,=18,w,=0.125cm, R=16 cm.
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The results of four runs are plotted in Figures 6-1 a, b, and c. For each run the process
parameters are the same as those of Case 1 except that the length of the semi-major axis,
‘a’, is varied, which creates four different aspect ratios. The values of ‘a’ are given in
the figure. The three configuration properties (braid angle, strand spacing, and cover

factor) are presented versus o , which is defined in Figure 6-2.
In order to facilitate reading the graphs, the angle a is defined clockwise from the y-axis

so that an increasing a (which corresponds to a motion to the right on the graphs of Figure

6-1) also corresponds to a movement to the right on the perimeter in Figure 6-2.
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Figure 6-1 Configuration Properties For Four Cases, Algorithm 1, (Conditions per Case 1
except for ‘a’, as shown), a) braid angle, b) strand spacing, c) cover factor
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Ie

Figure 6-2 Location of Point on Perimeter

6.1.1 Braid Angle Distribution Around Perimeter

Each curve in Figure 6-1 a shows the calculated braid angle distribution around the first
quadrant of an elliptical mandrel for a different value of ‘a’ and an otherwise common set
of process parameters. It should be noted that the curves do not extend up to 90 degrees.
This is simply because the next data point calculated is beyond 90 degrees (eg. 95 degrees)

and so it is not on the graph.

The curves for aspect ratios greater than one show that the braid angle is higher at points
near the minor axis of the elliptical mandrel than at points near the major axis. The region

of the elliptical mandrel near the minor axis shall hereafter be referred to as the ‘minor-axis
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region’, and the region of the elliptical mandrel near the major axis shall be referred to as

the ‘major-axis region’.

For an aspect ratio of 1 the calculated braid angle distribution is flat, ie. the braid angle is
constant around the perimeter. The braid angle around the perimeter of a circular mandrel
is expected to be constant due to symmetry as can be seen in published results, such as
Pastore and Ko [1]. The braid angle calculated for this case (37.7 degrees) agrees with

that predicted by the equations of Pastore and Ko, given in Chapter 2.

The braid angle variation can be explained by reviewing the process. As explained in the
derivation of equation 73 (Section 4.3) the braid angle clearly depends on the longitudinal
and circumferential speeds of the strand-mandrel contact point as the strand is laid on. It
can be seen from the equation that for a constant longitudinal speed, v,, a higher

circumferential speed, v, will cause a higher braid angle.

For Algorithm 1, it is presumed that the longitudinal speed is constant, thus the
circumferential speed shall be examined. Figure 6-3 shows a strand with its contact point
in the ‘major-axis region’. Recall that the strand remains tangent to the mandrel at all
times. A small motion of the carrier, as shown, causes a small motion of the contact point.
The figure also shows a strand with its contact point in the ‘minor-axis region’. Clearly,
the same motion of the carrier causes a much larger motion of the contact point. It is

evident also, that this effect is more pronounced for mandrels of higher aspect ratio, (a/b).

81



Thus because the carrier speed is constant the circumferential speed, v, is higher in the
minor-axis region than in the major-axis region. Therefore, the braid angle will be higher
in the minor-axis region than in the major-axis region , and this braid angle difference is

greater for mandrels of higher aspect ratio.

4 y quadrant 1
B N
\/

3 2

Figure 6-3 Strand Motions

Results for four mandrel shapes are shown. For each mandrel the minor-axis is the same,
however the major-axis is different (see Figure 6-2). This shows the effect of increasing
the aspect ratio, (a/b), on the distribution of braid angles. The curves show that as the

aspect ratio is increased, the braid angle in the major-axis region decreases, while the braid
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angle in the minor-axis region increases. The explanation for this was given in the

previous paragraph.

6.1.2 Symmetry of Properties

Observation of any of the results (for example, Case 1 of Appendix A) shows that the
braid angles in the second quadrant (Figure 6-3) of the elliptical mandrel decrease from the
minor-axis region to the major-axis region. This is expected due to the symmetry of the
mandrel. However the results are not exactly symmetric. This is displayed in Figures 6-4
a, b, c. The figure shows the braid angle, strand spacing, and cover factor for two
quadrants super-imposed on the same axes for comparison of the symmetry. The input

parameters and the output are those of Case 1 in Appendix A and are repeated on the

figure.

The slight non-symmetry can be explained by considering Figure 6-5. A strand is shown
in the figure running from the first quadrant of the ellipse to a carrier on the carrier circle.
A strand running from the point on the ellipse mirrored in the x-axis to the carrier circle is
also shown. Because the strand must be tangent to the ellipse this results in a strand
running to the carrier circle which is much shorter than the first strand. This fact is
discussed simply to show that the process of laying on the strand is clearly somewhat
different at the second point than at the first. Thus it should be expected that the

properties in the second quadrant do not mirror those in the first, ie. that the results are
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not perfectly symmetric. However, because the properties are very close, configuration

properties from only the first quadrant will be plotted.

The explanation given herein of the variation of braid angle around the perimeter indicates
that it has its minimum and maximum at the major and minor axes of the ellipse. This can

be seen to be the case in Figure 6-4.

quadrant 1

B
|

3 2

Figure 6-5 Non-symmetry of Process
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6.1.3 Strand Spacing Distribution Around Perimeter

Each curve in Figure 6-1 b shows the calculated strand spacing distribution around the
first quadrant of a mandrel ellipse for a different value of ‘a’ and an otherwise common set
of process parameters. The curves for aspect ratios greater than one show that the strand

spacing is higher in the minor-axis region than in the major-axis region.

For an aspect ratio of 1 the strand spacing distribution is flat, ie. the strand spacing is
constant around the perimeter. The strand spacing around the perimeter of a circular
mandrel is expected to be constant due to symmetry, as can be seen in published results,
such as Pastore and Ko [1]. The strand spacing calculated for this case (0.349 cm) agrees

with that predicted by the equations of Pastore and Ko, given in Chapter 2.

As explained in Section 6.1.1, for a given carrier displacement the corresponding
displacement of the ellipse contact point will be smaller when in the major-axis region than
when in the minor-axis region of the mandrel. Thus for two carriers spaced a given
distance apart the distance between the corresponding two ellipse contact points will be
smaller in the major-axis region than in the minor-axis region. Since the carriers always
remain equidistant, the contact point spacing, and hence strand spacing, is therefore

smaller in the major-axis region than in the minor-axis region.

The results plotted are from the same program sample runs as the data of Figure 6-1 a, ie.
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the process conditions and mandrel shapes are the same. Again the presentation of four
curves is intended to show the effect of an increasing aspect ratio on the strand spacing
distribution. It can be seen that for a higher aspect ratio the range of strand spacing (along
the quadrant perimeter) is greater. It was stated in Section 6.1.1 that equal carrier
displacements correspond to larger contact point displacements in the minor-axis region
than in the major axis region and that this effect is more pronounced for mandrels of
higher aspect ratio. Therefore, for mandrels of higher aspect ratio, the range of strand

spacing is greater.

6.1.4 Cover Factor Distribution Around Perimeter

Each curve of Figure 6-1 ¢ shows the cover factor distribution around the first quadrant of
the ellipse for a different aspect ratio. One observation is that (for aspect ratios not equal

to 1) the cover factor decreases from the major-axis region to the minor-axis region.

As the aspect ratio approaches 1, the cover factor distribution becomes flat, ie. it is
constant around the perimeter. Cover factors around the perimeter of any circular
mandrel are, by symmetry, constant. The cover factor calculated for this case is not
compared to that predicted by the equation of Pastore and Ko [1] because that equation is

believed to be incorrect (see Chapter 3).
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The presentation of four curves shows the effect of an increasing aspect ratio on the cover
factor distribution. It is seen that for a higher aspect ratio the range of the cover factor is

greater.

The algorithm generates the braid angle and strand spacing at a point and then calculates
the cover factor with a simple formula based on these two variables, derived in Chapter 3
(equation 24). As can be seen therein, the derivation is very short and is based on simple
geometry. Thus the cover factor’s behavior can only be explained by the behavior of the

braid angle and the strand spacing.

It is clear from Figure 3-2 that cover factor increases with braid angle. It is also clear
from Figure 3-2 that cover factor decreases with increasing strand spacing. The derived

formula for cover factor (equation 24) exhibits these relationships.

6.1.5 Other Effects

As previously stated, the purpose of this thesis is to develop mathematical relationships
between the process parameters and the configuration properties, for the reasons given in
Chapter 1. The relationships have been presented thus far as equations and algorithms.
For the design of 2D braiding processes however, it is useful to see these relationships in a

visual form. Therefore the results are plotted as functions of the process parameters.
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Each of the process parameters was varied over a wide range while keeping the others the
same. The results were plotted in an abbreviated fashion in order to present an overall
picture of results for various mandrel shapes and sizes and machine speeds. The causes of

the trends seen are also discussed.

Computer runs were made for many shapes and sizes of mandrels and machine speeds

(process parameters) to provide the results shown in Figures 6-6, 6-7, and 6-8.

In Figure 6-6 a six curves are shown which correspond to three aspect ratios. For each
aspect ratio computer runs were made for increasing mandrel sizes, from 6% of the carrier
circle radius to 95% of the carrier circle radius. The resulting braid angle at the point on
the ellipse at the intersection of the major-axis, ‘major-axis braid angle’, is plotted versus
mandrel size. The braid angle at the minor-axis is also plotted, as a function of size, on the

same graph.

The strand spacings and cover factors were plotted in the same way, in Figures 6-6 b, and
c. The runs were made for one carrier to mandrel speed ratio to get the data of Figure 6-
6. For Figure 6-7 runs were made for a higher speed ratio. For Figure 6-8 the speed ratio

was yet higher. The aspect ratios and speed ratios are given in the figure captions.

The three aspect ratios chosen provide a wide range of mandrel cross-section shape, from

almost circular to a very elongated ellipse. The 36 carrier braiding machine in the
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Composite Materials Laboratory was observed while producing a fabric on a mandrel. A
reasonable cover factor was obtained for the speed ratio used. This speed ratio condition
was used for the results of Figure 6-7. For Figure 6-6 a 60% lower ratio was used, and

for Figure 6-8 a 60% higher ratio was used, thus providing a wide range of speed ratios.

Also, the results have been non-dimensionalized to present general data. Appropriate
variables were divided by the carrier circle radius, R, in order to non-dimensionalize them.
Thus users of various sizes of machine could use this data if desired. The mandrel size is
defined by a/R, the ellipse half-major axis divided by the carrier circle radius. The strand
spacing is presented as S/R, the strand spacing divided by R. The cover factor is
unmodified as it is already non-dimensional. The braid angle is left in degrees as there is

no benefit in non-dimensionalizing it.
There are two speeds involved in the process, the mandrel speed, v, , and the carriers’

angular velocity, o, , which translates into a carrier speed of . R . However there is only

one degree of freedom, which is the ratio of the two speeds, o R/v, .
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Algorithm 1 (o, R /v, = 12.37) a) braid angle, b) strand spacing, c) cover factor
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6.1.6 Effect of Location on Perimeter

The braid angle results (Figures 6-6 to 6-8 a) show that for any aspect ratio, the curve of
‘major-axis’ braid angle is lower than the curve of ‘minor-axis’ braid angle. Thus at any

mandrel size, the braid angle is lower in the major-axis region than in the minor-axis

region. The reason for this was discussed in Section 6.1.1.

For any aspect ratio the curve of ‘major-axis’ strand spacings is lower than the curve of
‘minor-axis’ strand spacings. Thus at any mandrel size the strand spacing is lower at the

major-axis than at the minor-axis. The reason for this was also discussed in Section 6.1.3.

The curves for ‘major-axis’ cover factor are higher than those for ‘minor-axis’ cover
factor. Thus at any mandrel size the cover factor is higher at the major-axis than at the

minor-axis. The reason for this was discussed in Section 6.1.4.

6.1.7 Effect of Mandrel Size

The resulting properties are greatly affected by the size of the mandrel. It can be seen
from any of the braid angle figures that, for any aspect ratio, the braid angle versus
mandrel size curve is an increasing curve, for both ‘major-axis’ and ‘minor-axis’ braid

angles. Thus, for larger mandrels, the braid angle at any same point on the perimeter is
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higher.

This is explained as follows. In Chapter 2, for circular-sectioned cylindrical mandrels

equation 3 was developed;

6 = tan-i[ <]
vl

where 6 is the braid angle, o, is the carrier velocity, v, is the mandrel velocity, and r is the
radius of the mandrel. This equation was developed by considering the segment of
mandrel and the strand path laid down during one traverse around the mandrel.
“Uncurling” this cylindrical segment reveals a right-angled triangle (Figure 2-1). It is seen
that the braid angle is determined by the ratio of the lengths of the horizontal and vertical
sides. The length of the vertical side is 2xv, /. , as explained in Chapter 2. This shows
how the machine speeds affect the braid angle. A lower ratio of mandrel speed to carrier
speed (or a higher ratio of carrier speed to mandrel speed) clearly creates a higher braid
angle. The length of the horizontal side is simply the circumference, 2ar. This shows how
the mandrel radius affects the braid angle. For a larger mandrel radius processed at the

same speeds, the braid angle is greater. The larger mandrel draws off much more strand

during the same time period.

Consider an elliptical mandrel. When a “one traverse” segment is “uncurled”, the right

angled triangle is replaced by a slightly different shape, as shown in Figure 6-9. The
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hypotenuse is replaced by an undulating curve, because the braid angles are lower at the
major-axes than at the minor-axes. However the length of the vertical side is still 2nvi/o,
which shows how machine speeds affect the braid angles. Again a lower ratio of mandrel
speed to carrier speed clearly creates a set of higher braid angles. The length of the
horizontal side is still simply the perimeter of the mandrel. Clearly a larger mandrel
perimeter and hence a longer length, processed at the same speeds, creates a set of higher

braid angles (see Figure 2-1 for definition of braid angle).

-
27,
(oc
P (perimeter)
Figure 6-9 One Strand on Mandrel Surface
‘Uncurled’

It can be seen that if a curve approaches 90 degrees, it becomes asymptotic to the 90
degree horizontal line. This is to be expected, as the braid angle cannot go beyond 90

degrees without the mandrel reversing direction.
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The strand spacing versus mandrel size curves are all increasing curves. Thus for larger
mandrels the strand spacings (at similar points on the perimeter) are higher. The reason
for this is simple. When a mandrel size is increased, for example doubled, then because
the number of same direction carriers and strands attached to it remains the same, one
might expect each of the spacings between the strands, from small spacings near the
major-axis to larger spacings near the minor-axis, to be doubled due to the geometric
similarity of the two mandrels. However, the size of the larger mandrel is closer to the
carrier circle radius and therefore the situation is not perfectly geometrically similar and so
its distribution of the strand spacings is slightly different. Thus the strand spacing curves

are not exactly linear.

The cover factor versus mandrel size curves are all decreasing curves. Thus, for larger
mandrels, the cover factors are lower. The cover factor is calculated based on only strand
width (a constant in our examples) and the two fabric properties previously calculated,
namely, strand spacing and braid angle. Therefore the behavior of the cover factor could
only be explained by examining the behavior of those two properties. As explained in this
section, the cover factor decreases with the strand spacing and increases with the braid
angle. From the figures, it can be seen that the braid angle increases slowly while the
strand spacing increases more quickly, thus the net effect is that the cover factor

decreases.

In general, the cover factor curves level off as the mandrel size approaches the carrier
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circle radius. This can be explained by consideration of Figure 2-1. For a cylindrical
mandrel, as the mandrel size is increased (and no other process parameters are changed)
the ‘triangle’ shown changes in shape to one like Shape A (Figure 6-10) ie. a longer,
narrower shape. If the perimeter of the mandrel of Figure 2-1 is doubled then the length
of strand of one revolution is clearly not doubled. However if the perimeter of the
mandrel of Shape A is doubled, then the length of strand is approximately doubled, as
shown in Figure 6-10. Therefore, the amount of strand laid on is approximately doubled.
Therefore, because the surface area and amount of strand laid on are both doubled, the
cover factor remains approximately the same. Therefore, for large mandrels, like that of
Shape A, an increase of size changes the cover factor only slightly, and so the cover factor

is relatively constant as a function of size.

2P,

Figure 6-10 Doubling of Large Mandrel’s
Perimeter
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6.1.8 Effect of Aspect Ratio

It can be seen from the braid angle figures that using a higher aspect ratio mandrel (higher
a/b) lowers the ‘major-axis’ braid angle curve and raises the ‘minor-axis’ braid angle
curve. Thus if other factors are kept the same, a higher aspect ratio causes a lower
‘major-axis’ braid angle and a higher ‘minor-axis’ braid angle. The reason for this was

given in Section 6.1.1.

From the strand spacing figures, it can be seen that using a higher aspect ratio mandrel
lowers the ‘major-axis’ strand spacing curve and raises the ‘minor-axis’ strand spacing
curve. Thus other factors being the same, a higher aspect ratio produces a lower ‘major-
axis’ strand spacing and a higher ‘minor-axis’ strand spacing. The reason for this was

given in Section 6.1.3.

It can be seen from the cover factor figures that using a higher aspect ratio mandrel raises
the ‘major-axis’ cover factor curve and lowers the ‘minor-axis’ cover factor curve. Thus
other factors being the same, a higher aspect ratio causes a higher ‘major-axis’ cover

factor and a lower ‘minor-axis’ cover factor. The reason for this was given in Section

6.1.4.
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6.1.9 Effect of Speed Ratio

By comparing the three braid angle figures, it is seen that increasing the carrier speed to
mandrel speed ratio shifts all of the curves upwards. Thus other factors being kept the
same, a higher carrier to mandrel speed ratio causes a higher braid angle, at any point on

the mandrel perimeter. The reason for this was given in Section 6.1.1.

Comparison of the three strand spacing figures shows that increasing the carrier to
mandrel speed ratio does not affect the curves. Thus a higher speed ratio does not affect
the strand spacing at any point on the mandrel perimeter. For a machine with ‘n’ carriers,
there are ‘n’ strands (and ‘n’ strand spacings) located around the perimeter at any cross-
section. Increasing the speed ratio does not increase the number of strands around the

perimeter, thus the strand spacings are not changed.

Comparison of the three cover factor figures shows that increasing the carrier to mandrel
speed ratio shifts all of the curves upwards. Thus other factors being the same, a higher
carrier to mandrel speed ratio causes a higher cover factor at any point on the mandrel
perimeter. Again, the cover factor varies increasingly with the braid angle and inversely
with the strand spacing. As previously stated, increasing the speed ratio increases the

braid angle and does not affect the strand spacing; therefore, it increases the cover factor.
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6.2 Algorithms 2 And 3

6.2.1 Algorithm 2

A computer code was written for the algorithm of Section 5.1, Algorithm 2. A sample
output is included in Appendix B. The input parameters (referred to as Case 2) are:

dt = .25 seconds (time-step)
h =6.0 cm (initial, all)

v, =.15 cm/sec
®. =.116 rad/sec
b/la=.5

length =30 cm
R=16cm
w,=.125cm
N,=18
a=20cm

These process parameters are the same as those of Case 1, except that dt and h are not
necessary nor included for Case 1, as Algorithm 1 evaluates steady state only. The output
data shows a set of points for each strand, which represent its path on the mandrel surface.
Three sections of the data are shown; they correspond to the front, middle, and end of the
mandrel. It can be seen that each strand wraps around the mandrel in a helix, as shown in
Figure 6-11. Each strand’s braid angle starts at approximately 70 degrees and stabilizes at

approximately 50 degrees. The initial spacings of the strands range from 0.18 to 1.3 cm;
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however, they stabilize at different values. Thus there is a transient period and a steady

state period.

6.2.1.1 Optimum Time Step

An analysis was done to determine an optimum time step for process parameters and
mandrel dimensions like those of Case 2. Algorithm 2 was run several times, using
diminishing sizes of time step. For each run a 100 second interval of braiding onto a
constant-section sized mandrel was simulated. The surface co-ordinates of the final path
point of Strand 1 (Figure 6-11), one of the 18 strands around the mandrel (see Section
5.2, ‘Algorithm 2°), are examined for convergence. The z co-ordinate of this point is

plotted in Figure 6-12 as a function of the time step size.

Ay y

Figure 6-11 Surface Path of One Strand After 100 Seconds
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Figure 6-12 z Co-ordinate of Strand 1 Path Point After 100 Seconds. Mandrel
Dimensions and Process Parameters per Case 2.

At a time step of 1 second the z value is converged to within 0.3 % of the asymptotic
value. At a time step of 0.25 seconds, the z value is converged to within 0.05 % of the
asymptotic value. The other co-ordinates of the path point, x and y, converge more
quickly, at greater time steps. The final path points of the other strands converge in the
same fashion. Thus a time step of 0.25 seconds is suitable for such process conditions.
For process parameters or mandrel dimensions greatly different from those of Case 2 a

similar time step analysis is recommended to determine an optimum time step.
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6.2.1.2 Property Distributions Around Perimeter

Resulting steady state properties are shown in Figure 6-13 for two mandrel aspect ratios.
The figure shows that the braid angles are relatively constant around the mandrel
perimeter. This is different from the results of Algorithm 1, where they increase from
major-axis to minor-axis. This is due to the different assumption or ‘boundary conditions’
of Algorithm 2. Recall that Algorithm 2 assumes that the strands do not interfere (‘free
winding’) while Algorithm 1 assumes that they interfere so as to produce a flat contact

ring. The strand spacing and cover factor results are different also.

The contact ring predicted by Algorithm 2 proves to be non-planar. It can be seen from
the results, such as Case 2 in Appendix B, that the ring has higher z values in the second
and fourth quadrants of the x-y plane and lower values in the first and third quadrants.

Thus the contact ring is non-planar, as illustrated in Figure 6-14.
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Figure 6-13 Property Distributions Around Perimeter, From Algorithm 2. (Conditions
per Case 2, except a and b), a) braid angle, b) strand spacing, ¢) cover factor
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Figure 6-14 Contact Ring

The ‘deviation’ of the contact ring from planar is shown in Figure 6-14. The amount of

this deviation depends on the process parameters. The deviation is plotted in Figure 6-15
as a function of aspect ratio for a few mandrel sizes. The figure shows that the deviation
is slightly larger for larger mandrels. Also, the deviation increases with aspect ratio, with

zero deviation for a circular mandrel.
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Figure 6-15 Deviation of Contact Ring versus Aspect Ratio

(v, =.15 cnv/sec, ®, = .116 rad/sec, R =16 cm).

a/R=.125
aR = 25
aR- 5
a_/R;= 9375

This leads to the question of which assumption is more accurate. Consider the strands

being wound in the opposite direction. Clearly they result in a ring of the opposite shape.

However, during braiding there is only one contact ring. Thus the strands must affect

each other in such a way that only one ring is created. They will force each other to create

a roughly planar ring. Thus the assumption of Algorithm 2, that there is no interference of

strands during the process, ie. that a strand is wound on to the mandrel freely, is shown

not to be the case for braiding. Thus Algorithm 2 does not give results for the actual 2D

braiding process.
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6.2.1.3 Other Effects, Introduction

Computer runs were made for many shapes and sizes of mandrels to get the data shown in
the graphs of Figure 6-16. Algorithm 2 outputs properties along the mandrel surface over
a ‘transient’ portion and then the steady state portion. Algorithm 1 only analyzes and
gives data for the steady state portion, which was presented in Figures 6-6 to 6-8. Thus,
for comparison, steady state data of Algorithm 2 is presented in Figure 6-16. All runs
were made using one pair of machine speeds to get the data of Figure 6-16. Runs were
also made for other pairs of speeds; however, the effect of the speed ratio on the curves
was simply the same as it had been for the curves of Algorithm 1. This is discussed

further in this section.

The curves of Figure 6-16 correspond to three mandrel aspect ratios. For each aspect
ratio computer runs were made for increasing mandrel sizes, from relatively small almost
up to the carrier circle size. The resulting steady state configuration properties

vary around the perimeter of the mandrel, as has been shown. For each mandrel size, the
properties at the major-axis and minor-axis are plotted, as was done for Algorithm 1. The

aspect ratios and machine speed ratio are as described in the figure.

The results have been non-dimensionalized as was done for algorithm 1. The mandrel size
is defined by a/R, the ellipse half-major axis over the carrier circle radius. The strand

spacing is presented as FS/R, the strand spacing over R.
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Figure 6-16 Configuration Properties at Major and Minor Axes versus Mandrel Size,
Algorithm 2, (0. R/ v, = 12.37)), a) braid angle, b) strand spacing, c) cover
factor
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6.2.1.4 Effect of Mandrel Size

For each aspect ratio the braid angle is approximately the same at the major and minor-
axis and so the two curves are co-incident, thus only one curve appears. For any aspect
ratio, the braid angle versus mandrel size curve is an increasing curve for both ‘major-axis’
and ‘minor-axis’. Thus for larger mandrels, the braid angle, at any same point on the

perimeter, is higher. The reason for this was given in Section 6.1.

The strand spacing versus mandrel size curves are all increasing curves. Thus for larger

mandrels, the strand spacings, at similar points on the perimeter, are higher. The reason

cr

for this was given in Section 6.1, The strand spacings arc different than those given

Algorithm 1 due to the different assumptions of Algorithm 2, as discussed in Section

6.2.1.2.

6.2.1.5 Effect of Aspect Ratio

It can be seen from the braid angle figure, that using a higher aspect ratio mandrel (higher
a/b) does not lower the ‘major-axis’ braid angle curve and raise the ‘minor-axis’ braid
angle curve, as was the case for Algorithm 1. Thus a higher aspect ratio does not cause a

lower ‘major-axis’ braid angle and a higher ‘minor-axis’ braid angle. The braid angle
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remains relatively constant around the perimeter.

From the strand spacing figure, it can be seen that using a higher aspect ratio mandrel
lowers the ‘major-axis’ strand spacing curve and raises the ‘minor-axis’ strand spacing
curve. Thus, other factors being the same, a higher aspect ratio produces a lower ‘major-
axis’ strand spacing and a higher ‘minor-axis’ strand spacing, as was the case for

Algorithm 1.

6.2.1.6 Effect of Speed Ratio

As stated previously, Algorithm 2 results showed that increasing the carrier speed to
mandrel speed ratio simply shifts the braid angle curves upwards, as it did for Algorithm 1.
Thus, other factors being kept the same, a higher carrier to mandrel speed ratio causes a
higher braid angle, at any point on the mandrel perimeter. The reason for this is as was

given in Section 6.1.

The results also showed that increasing the carrier to mandrel speed ratio does not affect
the strand spacing curves. Thus a higher speed ratio does not affect the strand spacing, at

any point on the mandrel perimeter. The reason for this was given in Section 6.1.
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6.2.2 Algorithm 3

Recall that for Algorithm 3, the strands are constrained to a flat contact ring. Thus for a
mandrel of constant cross-section, the resulting properties, once a steady state has been
reached, should be the same as those of Algorithm 1 for the same process conditions. For
comparison, the results for the conditions of Case 1, from Algorithms 1 and 3, are plotted
in Figure 6-17. It is seen that the results are the same. Note that the plotted points for

Algorithm 3 were interpolated from an output data table.

To establish that the results are the same over wide ranges of conditions, results were
found for the various conditions of Figures 6-6 to 6-8. These are plotted in Figures 6-18
to 6-20, along with the original results from Algorithm 1, for comparison. It is seen that
the results are the same. Note that the plotted points, for both algorithms, were

interpolated from output data tables.

The results of Algorithm 1 were discussed in Section 6.1. As the results of Algorithm 3

are the same, this discussion of Section 6.1 applies here also.
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Figure 6-17 Comparison of Property Distributions Around Perimeter, (Conditions per
Case 1), a) braid angle, b) strand spacing, c) cover factor
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1

Conclusions

Algorithm 1 was developed for mandrels with constant elliptical cross-section and
assuming strand interference. It is based on an analytical method and gave
reasonable results. The characteristics of the resulting braid angle, strand spacing,
and cover factor functions were explained using physical arguments. The major

conclusions for Algorithm 1 are:

- The results for mandrels with aspect ratios greater than one show that the braid
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angle is higher at points near the minor axis of the elliptical mandrel than at points

near the major axis.

- The results for mandrels with aspect ratios greater than one show that the strand

spacing is higher in the minor-axis region than in the major-axis region.

- The results also show that the cover factor decreases from the major-axis region

to the minor-axis region.

- For larger mandrels, the braid angle at any same point on the perimeter is higher.

- Another effect of the mandrel size is that for larger mandrels the strand spacings

(at similar points on the perimeter) are higher.

- A third effect of the mandrel size is that for larger mandrels, the cover factors are

lower.

- If other factors are kept the same, a higher aspect ratio causes a lower ‘major-

axis’ braid angle and a higher ‘minor-axis’ braid angle.

- A higher aspect ratio produces a lower ‘major-axis’ strand spacing and a higher

‘minor-axis’ strand spacing.
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- A higher aspect ratio causes a higher ‘major-axis’ cover factor and a lower

‘minor-axis’ cover factor.

Algorithm 2 was developed for varying section size mandrels, assuming strand
non-interference. It is based on a numerical integration method. The resuits

indicate that the contact ring for this situation is non-planar.

Algorithm 2 models only one of the two sets of strands (clockwise and counter-
clockwise). Algorithm 2 was modified to create Algorithm 3. Algorithm 3 sums

the longitudinal movements of the strand contact points of the two sets of strands,

which resuits in a pianar contact ring. The results agree with those of Algorithm 1.
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7.2

Recommendations

Consider the effect of the forming ring. It is believed that if the formation ring is
sufficiently larger than the mandrel, then the formation ring radius could be
substituted for the carrier circle radius in the present equations as was done in Du,

Popper, Chou [1]. However this question has yet to be investigated.

Create an algorithm (if possible) to find the desired traverse speed versus location,
(2), of contact point on mandrel, to give a desired property distribution. Perhaps

do this by inverting the formulas developed herein.

Create an algorithm for mandrels with cross-sections which change not only in size

but also in aspect ratio, and/or rotate, as z increases.

Create algorithms for more mandrel section shapes, for example:
- a triangle with convex curved sides and rounded corners
- a similarly rounded rectangle

- any general section. Section could be defined by two or more functions.
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Appendix A
Table 1, Data Results For Algorithm 1
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X (cm) Y (cm) = BA(deg) FS (cm) CF

0.089 1.992 21.49 0.179 0.938
0.196 1.961 23.71 0.199 0.902
0.307 1.904 28.23 0.240 0.833
0.422 1.813 34.80 0.308 0.745
0.540 1.683 43.02 0.409 0.661
0.658 1.506 51.68 0.549 0.600
0.770 1.277 59.49 0.727 0.563
0.868 0.992 65.32 0.931 0.540
0.946 0.649 69.31 1.136 0.526
0.993 0.228 71.64 1.296 0.519
0.940 -0.682 70.22 1.187 0.526
0.775 -1.265 62.44 0.813 0.554
0.668 -~1.489 55.77 0.628 0.583
0.571 -1.643 48.85 0.494 0.621
6.478 -1.757 41.98 0.393 0.673
0.387 -1.844 35.43 0.315 0.737
0.295 -1.911 29.87 0.257 0.808
0.203 -1.958 25.53 0.215 0.874
0.109 -1.988 22.59 0.188 0.921
0.011 -2.000 21.28 0.176 0.943

a=20cm,b=1.0cm, . =0.116 rad/sec, v, = 0.15 cm/sec

R=16.0 cm, N,=18, w,=0.125cm

Braid Angle, Filament Spacing, and Cover Factor Distributions.
First and Second Quadrants. Case 1 Conditions.



Appendix B
Table 2, Data Results For Algorithm 2
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0.00
0.06
0.12
0.18
0.24
0.30
0.37
0.45
0.53
0.62
0.71
0.81
0.90
0.97
1.00
0.98
0.91
0.81

-0.84
-0.73
-0.62
-0.52
-0.43
-0.35
-0.27
-0.20
-0.14
-0.08
-0.02
0.04
0.10
0.16
0.22
0.28
0.35
0.42
0.50
0.59

-0.07
-0.13
-0.19
-0.25
-0.32

FILAMENT 1
BA deg FS

1.10
1.37
1.57
1.71
1.81
1.88
1.92
1.96
1.98
1.99
2.00
2.00
1.99
1.98
1.95
1.92
1.87
1.81
1.73
1.62

-1.99
-1.98
-1.96
-1.93
-1.89

HHEHMHMOOO0OOO0O000O00O0OO0OON
NWNODOANWLWNNEFMFOOOOO
NVOOOWOWVHULMONONNWVNAND

10.17
10.38
10.53
10.65
10.75
10.82
10.89
10.94
10.99
11.03
11.07
11.11
11.16
11.20
11.24
11.29
11.35
11.42
11.50
11.60

29.77
29.82
29.87
29.93
29.99

69.3
69.1
68.9
68.7
68.5
68.3
68.1
67.9
67.7
67.4
67.2
66.9
66.6
66.4
66.1
65.8
65.5
65.2

55.3
55.1
55.0
54.9
54.9
54.8
54.8
54.8
54.8
54.8
54.9
54.9
54.9
5§5.0
55.0
55.0
54.9
54.9
54.9
54.8

51.1
51.2
51.2
£1.3
51.3

0.18
0.18
0.18
0.19
0.19
0.19
0.20
0.21
0.23
0.25
0.29
0.33
0.37
0.40
0.40
0.38
0.36
0.35

0.48
0.48
0.47
0.47
0.47
0.47
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.49
0.49
0.49

0.53
0.53
0.53
0.53
0.53

* aCF of * indicates yarn jamming

0.59
0.60
0.60
0.60
0.60
0.60
0.60
0.59
0.59
0.59
0.59
0.59
0.59
¢.59
0.59
0.59
0.59
0.59
0.59
0.58

0.51
0.51
0.51
¢.51
0.51

0.18
0.24
0.30
0.37
0.45
0.53
0.62
0.71
0.81
0.90
0.97
1.00
0.98
0.91
0.81
0.70
0.59
0.50

-0.52
-0.43
-0.35
-0.27
-0.20
-0.14
-0.08
-0.02
0.04
0.10
0.16
0.22
0.28
0.35
0.42
0.50
0.59
0.68
0.78
0.87

-0.25
-0.32
-0.39
-0.47
-0.55

FILAMENT 2
BA deg FScm CF

Y
1.97
1.94
1.91
1.86
1.79
1.70
1.57
1.40
1.17
0.87
0.48
0.03
-0.43
-0.84
-1.18
-1.43
-1.61
-1.74

1.71
1.81
1.88
1.93
1.96
1.98
1.99
2.00
2.00
1.99
1.98
1.95
1.92
1.87
1.81
1.73
1.62
1.46
1.25
0.98

-1.93
-1.89
-1.84
-1.77
-1.67

Z

0.00
0.02
0.05
0.08
0.12
0.17
0.23
0.31
0.41
0.54
0.70
0.88
1.08
1.26
1.41
1.53
1.63
1.70

10.32
10.41
10.49
10.55
10.60
10.65
10.70
10.74
10.78
10.82
10.86
10.91
10.96
11.01
11.08
11.16
11.26
11.38
11.54
11.75

29.50
29.56
29.63
29.72
29.82

69.9
69.7
69.5
69.2
69.0
68.8
68.5
68.2
68.0
67.7
67.4
67.1
66.8
66.4
66.1
65.9
65.6
65.4

55.2
55.2
§5.1
55.1
55.1
§5.1
§5.1
55.2
55.2
55.2
55.2
55.2
55.2
§5.2
55.2
§5.1
55.0
54.9
54.8
54.7

S1.4
51.4
51.4
51.4
51.4

Braid Angle, Filament Spacing, and Cover Factor Distributions,
as a Function of 3D surface co-ordinates, Case 2 Conditions.

0.23
0.23
0.23
0.24
0.25
0.26
0.29
0.32
0.36
0.40
0.42
0.42
0.41
0.39
0.38
0.37
0.37
0.37

0.48
0.48
0.48
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.50
0.50
0.51
0.53
0.54

0.53
0.53
0.53
0.53
0.54

LA R R R NN ]

00000000000 M
R
PPNORODDROOOO
NVOVWONUVANVADO

0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.57
0.57
0.55
0.53



X

0.37
0.45
0.53
0.62
0.71
0.81
0.90
0.97
1.00
0.98
0.91
0.81
0.70
0.59
0.49
0.41
0.33
0.25

-0.27
-0.20
-0.14
-0.08
-0.02
0.04
0.10
0.16
0.22
0.28
0.35
0.42
0.50
0.59
0.68
0.78
0.87
0.95
1.00
0.99

-0.32
-0.39
-0.47
-0.55
-0.64
-0.74
-0.84

FILAMENT 3
BA deg FS

Y
1.86
1.79
1.70
1.57
1.40
1.17
0.86
0.48
0.03
-0.43
-0.85
-1.18
~1.43
-1.61
-1.74
-1.83
-1.89
-1.93

1.93
1.96
1.98
1.99
2.00
2.00
1.99
1.98
1.95
1.92
1.87
1.81
1.73
1.62
1.46
1.25
0.97
0.61
0.18
-0.28

-1.89
-1.84
-1.77
-1.67
-1.53
-1.35
-1.10

(Cont’d)

z

0.00
0.04
0.08
0.14
0.21
0.30
0.43
0.58
0.76
0.94
1.12
1.26
1.38
1.47
1.54
1.59
1.64
1.67

10.21
10.27
10.31
10.36
10.40
10.44
10.48
10.52
10.56
10.61
10.67
10.74
10.81
10.91
11.04
11.20
11.40
11.66
11.97
12.30

29.13
29.20
29.29
29.39
29.52
29.69
29.90

70.3
70.1
69.8
69.6
69.3
69.0
68.7
68.4
68.1
67.7
67.4
67.1
66.8
66.5
66.3
66.1
65.9
65.7

55.4
55.4
55.4
55.4
55.4
55.4
55.5
55.5
55.5
5.5
5.5
5§5.4
55.4
55.3
5§5.2
$5.1
54.9
54.8
54.6
54.5

51.4
51.4
51.4
51.4
51.4
51.3
51.2

0.38
0.38
0.39
0.41
0.43
0.46
0.49
0.51
0.51
0.50
0.48
0.47
0.46
0.46
0.46
0.46
0.46
0.46

0.51
0.51
0.51
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.53
0.55
0.56
0.58
0.57
0.56

0.54
0.54
0.54
0.54
0.55
0.56
0.57

CF
0.95
0.95
0.93
0.91
0.88
0.85
0.81
0.78
0.77
0.78
0.79
0.79
0.79
0.79
0.79
0.78
0.78
0.78

0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.56
0.56
0.56
0.55
0.54
0.52
0.51
0.51
0.52

¢.51
0.51
0.51
0.51
0.50
0.49
G.48

X

0.62
0.72
0.81
0.90
0.97
1.00
0.98
0.91
0.81
0.70
0.59
0.49
0.41
0.33
0.25
0.19
0.12
0.06

-0.08
-0.02
0.04
0.10
0.16
0.22
0.28
0.35
0.42
0.50
0.59
0.68
0.78
0.87
0.95
1.00
0.99
0.93
0.84
0.73

-0.55
~-0.64
-0.74
-0.84
-0.92
-Q.98
-1.00

FILAMENT 4

Y
1.57
1.40
1.17
0.86
0.47
0.03
-0.43
-0.85
-1.18
-1.43
-1.61
-1.74
-1.83
-1.89
~1.94
-1.97
-1.99
-2.00

1.99
2.00
2.00
1.99
1.98
1.95
1.92
1.87
1.81
1.73
1.61
1.46
1.25
0.97
0.61
c.18
-0.28
-0.72
~-1.08
-1.36

~1.67
-1.53
-1.34
~-1.09
-0.77
~0.36
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10.16
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10.38
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28.96
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50.9

FS -
0.77
0.77
0.78
0.79
0.79
0.79
0.77
0.75
0.74
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0.58
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0.58
0.58
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0.61
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0.62
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0.59
0.57
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0.56
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0.59
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CF
0.63
0.62
0.61
0.59
0.58
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0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.58
0.58
0.58
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0.52
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0.49
0.48
0.48
0.49
0.50
0.51
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0.49
0.49
0.48
0.47
0.46
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X
0.90
0.97
1.00
0.98
0.90
0.80
0.70
0.59
0.49
0.40
0.32
0.25
0.18
0.12
0.06
0.00
-0.06
-0.11

0.10
0.16
0.22
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0.59
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0.78
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0.95
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0.84
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-0.84
-0.92
-0.98
-1.00
-0.96
-0.88
-0.78
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-1.80

-1.09
-0.76
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0.88
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1.13
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11.53
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30.70
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66.7
66.6
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1.07
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0.68
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0.65
0.64
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0.45
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x
0.98
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0.80
0.70
0.59
0.49
0.40
0.32
0.25
0.18
0.12
0.06
0.00
-0.06
-0.11
-0.17
-0.24
-0.30

0.28
0.35
0.43
0.51
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G.55
0.69
0.78
0.88
0.95
1.00
0.99
0.93
0.84
0.73
0.62
0.52
0.43
0.35
0.27
0.21

-1.00
-0.96
-0.88
-0.78
-0.67
~0.56
-0.47

FILAMENT 6

Y
-0.44
-0.86
-1019
~1.44
-1.62
-1.74
-1.83
-1.89
-1.94
-1.97
-1.99
-2.00
-2.00
-2.00
-1.99
-1.97
-1.94
-1.91

1.92
1.87
1.81
1.73
1.81
1.46
1.25
0.96
0.60
0.17
-0.29
-0.73
-1.09
-1.36
-1.56
-1.70
-1.80
-1.87
-1.92
-1.96

0.10
0.56
0.95
1.26
1.49
1.65
1.77

Zz

0.00
0.16
0.30
0.40
0.49
0.55
0.60
0.65
0.68
0.71
0.74
0.77
0.80
0.82
0.85
0.87
0.91
0.94

9.40
9.46
9.52
9.60
5.70
9.82
9.98
10.19
10.44
10.75
11.07
11.38
11.65
11.86
12.02
12.15
12.24
12.32
12.39
12.44

29.56
29.92
30.25
306.52
30.73
30.89
31.01

BA deg FS
69.0 1.04
68.7 1.01
68.3 0.99
68.0 0.98
67.7 0.96
67.5 0.95
67.2 0.95
67.0 0.94
66.8 0.93
65.6 0.93
66.5 0.92
66.3 0.92
66.2 0.91
66.0 0.90
65.9 0.90
65.8 0.89
65.6 0.88
65.5 0.88
5.8 0.63
55.8 0.63
55.7 0.63
55.7 0.63
35.6 $.63
55.5 0.64
55.4 0.65
55.2 0.66
55.1 0.66
54.9 0.66
54.8 0.64
54.6 0.63
54.4 0.61
54.3 0.60
54.2 0.60
54.1 0.60
54.1 0.60
54.0 0.60
54.0 0.60
54.1 0.60
50.9 0.59
50.8 0.57
50.7 0.56
50.6 0.54
50.5 0.54
50.5 0.54
50.5 0.54
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0.47
0.47
0.47
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0.69
0.59
0.49
0.40
0.32
0.25
0.18
0.12
0.06
0.00
-0.06
-0.11
-0.17
-0.24
-0.30
-0.37
-0.45
-0.53

0.51
0.59
0.69
G.75
0.88
0.95
1.00
0.99
0.93
0.84
0.73
0.62
0.52
0.43
0.35
0.27
0.20
0.14
0.08
0.02

-0.78
-0.67
-0.56
~0.47
-0.38
-0.30
-0.23

FILAMENT 7
BA deg FS

Y
-1.44
-1.62
-1.74
-1.83
-1.89
-1.94
-1.97
-1.99
-2.00
-2.00
~2.00
-1.99
~1.97
-1.94
-1.91
-1.86
-1.79
~1.70

1.72
1.61
1.45
1.24
0.96
0.60
0.16
-0.30
~0.73
-1.09
-1.37
-1.57
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-1.87
-1.92
-1.96
-1.98
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1.49
1.65
1.77
1.85
1.91
1.95

z

0.00
0.08
0.15
0.20
0.24
0.28
0.31
0.34
0.36
0.39
0.41
0.44
0.47
0.50
0.53
0.57
0.62
0.67

9.75
10.01
10.31
10.64
10.95
11.21
11.42
11.58
11.71
11.81
11.88
11.95
12.00
12.05
12.10
12.14

30.08
30.28
30.44
30.56
30.66
30.74
3c0.81

68.2
67.9
67.6
67.4
67.2
67.0
66.8
66.6
66.5
66.3
66.2
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65.9
65.7
65.6
65.4
65.2
65.0

55.7
55.6
55.5
55.4
55.3
55.1
55.0
54.8
54.6
54.5
54.3
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54.1
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$0.6
50.5
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50.5
$0.5
50.6

(Cont’d)
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0.52
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