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" Problem Description

Problem Statement

The composites industry employs a method of high speed continuous
reinforcement lay-down called filament winding. Tl_ is a process where resin
impregnated tows, bundles of filament, are wound over a rotating mandrel. ! The
tows, hereafter referred to as filament, are laid down over the rotating mandrel at a

prescribedwind angle.

Consider a cylindricalfilament winding mandrelwith conical features such that the
filament is tangent to both the cylind_ and the cone simultaneously. A gap is
formed between the points of tangency. The gap distance is measmed along a line
normal to the filament and intersecting the mandrei's axis of rotation. The

distance occurs between the filament and a point on the intersection of
the cylinder andthe cone.

The problems this paper addresses are: given a cylimkical filament winding
mandrel with conical features, what is the nuvfimum gap size for a given wind

• angle; conversely what is the wind angle for a given maxinann gap size; and what
does the geometry need to be in the mandrel transition area between the cylinder
and the cone such that the filament remains in contact with the mandrel at all
times?

IASMInternational,EngineeredM_terialsHandlxx_VolumeL _: ASMlatmueional,MetabPark,
Ohio 44073, 1987-1989
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Problem Geometry
The mandrel geometry is shown in figure I. The constants for the calculations that
follow are the radiuses of the cylinder and the cone R' and It"as well as the cone
height H. The variables are the angles theta (0), xi (_) and the gap 8. The
relationship between theta and xi is: _ = 90° - 0. Note, for all calculations, the
angle units will be radians not degrees.

A right hand coordinate system is used. Its origin is located at the point of
intersection between the mandrel centerline and the cone-cylinder interface. The
y-axis coincides with the mandrel cemerline. The angles theta and xi are rotations

' about the z-axis and represent the wind angle and the lead angle respectively.

Figure 1 Mandrel Geomett3'

If we cut the mandrel with a plane that makes the same angle as the filament we
get the cross section shown in figure 2.

The cross section will be made up of two curves, one ellipse and one general
conic. The general conic may be an ellipse, hyperbola, or parabola depending on
the angle of the cutting plane. The filament will be tangent to these two curves.
The gap, 8, between the filament and the mandrel can also be seen in this cross
section.
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Figure 2 Cross Section of Mandrel

The three dimensional fight hand coordinate system (x,y,z) shown in figure 1 can
be transformed into the two dimensional fight hand coordinate system (x',y') of the
cross section by the following equations.

! _ _,Z

y .if
X _ n

Sin(C) Cos(¢')

This cross section is the key to solving the problem of finding the gap for the given
angle. It transforms the problem from a three dimensional problem into a two

. dimensional problem.
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• Calculations

Calculation Outline

As you can see from figure 2, the filament is tangent to an ellipse and a general
conic. The shape of the ellipse and the general conic will determine the location of
the tangent points and this in turn will determine the distance from the filamentto
tne ettipse-general comc intersection. In short, the filament to mandrel gap
distance.

In order to be able to calculate the gap distance for a given angle or an angle for a
given gap distance we must first fully characterize the relationship between the
angle _ and the shapes of the ellipse and general conic as well as the tangency
relationship of the filament to these two curves. This is the goal of this calculation
section. I will derive the needed equation along the following steps:

• Derive the equation of the ellipse as a function of the angle _, x', and

.F).

o Find an expression for the ellipse so that y' is a dependent variable in

terms of the independent variables _, x'.

• Derive the slope equationfor a linetangent to the ellipse.

) Derive an equation for the y'-axis intercept of a line tangent to the

ellipse.

• Derive the equation of the general conic as a function of the angle _,,

x', and y'.

• Find an expression for the general conic so that y' is a dependent

variable in terms of the independem variables _, x'.
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• Derive the slope equation for a line tangent to the general conic.

• Derive an equation for the y'-axis intercept of a line tangent to the

general conic.

• Derive an expression that relates the gap size to the y'-axis intercept of

a line tangent to the ellipse and its slope.

• Derive an expression that relates the gap size to the y'-axis intercept of

a line tangent to the general conic and its slope.

• Combine the gap equations to find a solution for the gap given an angle
problem as well as a solution for the angle given a gap problem.

After these expressions are derived I will derive the equation for the fillet curve.
This curve, if machined into the mandrel, will eliminate any gap between the
mandrel and the filament in the cone-cylinder interface area.

Ellipse Equations
The general equation of an ellipse centered on the origin is

x" y:--+ 1 =0
a: b 2

where

a is the semi-major of the ellipse
b is the semi-minorof the ellipse

For our case the semi-minor is just the radius of the mandrel cylinder, It'. The
semi-major is a function of the angle _, or

!

a =
Cos( )

' This leaves us with our equation for the ellipse

Solving this equation for y' gives

y, [<R,) °'- - Eq2

To find the equation for the slope of a line tangent to ihe ellipse we must take the
derivative of Eq 2 with respect to x'. This gives:
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dy' Cos_( C')x'
dx' y'

Substituting Eq 2 into this equation gives

dy' Cos'(¢)x'_=- Eq3

°'
The equation for the y'-_ds intercept is:

dy!

b = y'- _ x'dx'

Substituting Eq 2 and Eq 3 into this equation gives

b [(R'; °'
= - + [(R') _ - (Cos(_x') 2]o., Eq4

General Conic Equations
Now consider the cone. If we cut the cone with a plane normal to the y-axis, the
x-z plane, we get a circle. The equation of this circle is:

X2 + Z2 = r e

where r is the radius of the circle. The radius of the circle is different depending
on where we cut the cone. In other words, the radius is dependent on the y

dimension. This dependence can be expressed matlmmatically by the equation:

• R' -R"
r=R'+ yH

• And we know from the Problem Description section that the relationship between
the x ,y ,z coordinate system and the x', y' is

x = x' Cos(O
y = x'Sm(_

Z = -y'

Now substituting these last four equations into the circle equation gives
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(x'Cos(_) _ -y'): ( (R'-R")x'Sin(_)) _+( .= R'+ /i EqS
Thisis theequationthatdescribesthegeneralconiccurve.Solvingthisequation
fory'gives

" Y'=I( R'+(R'-R' H')X'Sin(_)/2 - (x' Cos(_):] °s Eq6

t

To findthe equation for the slope of a line tangent to the generalconic we must
take the derivativeof Eq6 with respect to x'. Thisgives:

dy' ((R'): - R' R' ')Sin( _ (R'-R' ')' Sin2(_)x'

dx' Hy' H_y '

Cos;( x'
Y' F,q7

And of course we can makethe substitution ofEq 6 for y' to make the slope only a
fimction of x' and _. As you can see, this would be a big hairy equationso I'm not
going write it out here.

The equation for the y'-axis intercept of the tangent lineis:

b y, dy'= -_X' Eq8dx'

Substituting Eq 6 and Eq 7 into this equation gives us y'-axis interce_ as a
• functionof x' and_. Thisis anotherbig equation so I'mnotgoingwrite it out.

Gap Expressions
Now that we havethe equations that describethe ellipseand general conic as Well

as the equations for the tangent line and y'-axis intercept,we can develop the
equationfor the gap,s.

Considerthe geometryshownin figure3. As you can see, to findan expressionfor
the gap distancee, we mustonly solve a simplefighttriangle.
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"i _.R,
b i
i R'

.. Figure3 Gap Geometry

" Using basictrigonometrywe can see that

e = (b - g')Cos(a)
The angleo¢is relatedto the slope of the tangentline (the filament)bythe equation

We havetwo equations for the gap size,one in termsof the ellipse

_.,,,_.=(b,,,_.- R')co_r_-' Eq9

and one in terms of the general conic

IS=,._ = (b¢o,.¢- R')Cos Taw-' -_ ,_¢ Eq 10

• Solution Equations
All of this analysis leaves us withthe equations

6.n_- 60_ = 0 Eq 11

b,,,,., - b_ = 0 Eq 12

- -- = 0 Eql3
dx' .=,=, dx' =,c
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These equations hold true because the gap, y'-intereept, and slope all describe the
same line therefore they must be equal regardless if we calculate them using the
ellipse or the general conic,

These equations contain four variables x',_p., x'._, 6, and _:. With three

equations we can solve for three unknowns. So if we specify a gap, 6, we can

solve for the angle _: and vice versa. All we need to do is solve these three

equations simultaneously. Unfortunately these equations are complex and
non-linear and I can't solve them algebraically. The next section of this paper will

• explain a method for solving these equations numerically.

• Fillet Definition
One of the byproducts of the analysis is the we get the location of the filament
tangent points. With these two points we derive an equation of a curve that, if
machined into the mandrel, will allow the filament to make the transition between
the cone and the cylinder without loosing contact with the mandrel.

The equation of this curve is:

Y, - Y2

where the point tangent to the cylinder is

P_ = (x_,Yl,Zl)

and the point tangent to the cone is

r,:=
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Solution.

,, , ,,,,, ,, ,,,, ,,, ,,, -

Numerical Solution Technique
Numerical solutiontechniquestypically involve an equationwith two variables
&rrangedsothat theequationequalszero.Letssay:

f(x,y) =0

We solve this _,pe of _u_tion b:, =,,,_-;a_-,,,_.... _...= one variable and guessing at the other.
We set the equation up so that _ after we guess, the right side is 8rater then zero
then we must guess a smaller number. If the right side is less then zero then we
must guess a largernumber.We continually make better guesses, making the right
side closer and closer to zero. Once the right side is within a zero tolerance, say :t:
0.00001, then the problem is considered solved.

This the the technique 111use the solve the equations Eql 1, Eq 12, and Eq 13.

• Solving for the Gap

. The gap size s, given the angle _, can be so_ed by finding the y'-axis intercept

that will give

=°  q,4
The procedure can best be described by a flow chart. The followingflow chart is
the method I employed to solve for the gap s.
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. Note thatto calculatethe slopes, the numericaltechniquemustbe employedagain.

Solving for the Angle
The angle _, given the gap size_, canbe solvedby findingthe angle_ thatwill give

, dy,I l_-° l,
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The procedurecanbest be describedby a flow chart.The following flow chartis
the methodI employedto solve for the angle _,.

i i im
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i i i i

The appendixof this paperdescribesthe programthatI had written to solve this
problem.Its availableif you contactme.
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• Appendix

Wire Program
WlRE.EXE is a programthat I developedthatwill numericallysolvethe filament
winding gap and wind angle equationsderived in this paper. W'_thit, you enterthe
mandrel geometry, the known gap or ansle, _ the prolFam will calculate the
unknown gap or angle. It will also derive the fillet equation for the tran,dtionfillet
as well as an arc approximation and errorvalue.

System Requirements
To use WIR .EXE (labeled "Filament W'mding Gap" in the programmanaser
window) you need the following:

• IBM-compaU"olepersonal computer with an 80286 processor or higher.

• • A hard disk.

• A 3 1/2" floppy drive.

• An EGA, VGA, 8514, Hercules, or compatible display.

• One megabyte of memory.

• A mouse.

• Microsoft MS-DOS version 3.1 or later.

• W'mdowsversion 3.0 or later in standardor enhan¢_ mode.

i=,,.,,.mto_,_, _ A=,_ ........... _, ts



Setting Up and Starting Wire
Use the setup program (SETUPEXE) to install Wire on your computer.

To set up Wire:

1. InsertDisk indriveA.

2. StartWindows.

3. Inthe WindowsProgramManager,choose Run fromthe Filemenu.
Windowsdisplaysthe Rundialogbox.

• 4. Type a:setup in the CommandLine box.
5. Choosethe OKbutton.

e

6. Foflowthe setupinstructionson the screen.

Afterinstallingthe files youneed,the Setup programcreatesa Lawrence
LivermoreNat1Labprogramgroupandputs the Wireicon inthe group.

W'tre.exeicon
Filament

W'mdingGap

To Start Wire:

1. In the Windows ProgramManager, open the programgroupthatcontainsthe
Wireicon.

2. Double-clickthe Wireicon.

Wirestartsand displaysthe dataform.

How the Program Works
When the programstarts it will display the data form. As you_lsee, this form is
separatedinto four sections: Mandrel Geometry,Dependentand Independent

• Variables, FilletDefinition,and a picturesimilarto figure 1of this paper. The data
formalso contains two commandbuttons:Fred Theta andX-t,andFindGap.

' To use this programyou first enterall of the mandrelgeometrydata.This data is
required.Thenenteryour knownangleor gap. Oncethis is done, select theFmd
Gapbuttonifyouenteredanangle,orselecttheFindThetaandXibuttonifyou
entereda gap distance.The programwillthencalculatetheunknowngapor
angles.Note,when enteringdatayoucanclearthecurrantfieldbypresmgthe
spacebar.

Oncetheprogramcalculatesfortheunknownvariableitwillalsodisplayacurve
equation in the Fillet Definitionareaof the data form. Along with the equation
there is a y-axis range for whichthis equation is valid. If this curve featureis
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machinedinto the mandrel,then the filamentwill remain in contact with the
mandrelthroughoutthe transitionfromcone to cylinder.

The equationin the fillet area is complex and is not easily machined,thereforeit
may be advantageousto machinea simple arc instead.If you move the mouse
pointer into the Fillet Definition area and click theleR mouse button a dialog box
will pop up. This dialog box will contain the fillet radiusand a errorvalue. The
error value is the maximumdeviation between the curve defined by the equation
and the arc approximation.The errorvalue is given so that you can judge whether
or not the arc approximationis close enough to meetyour needs. This arc is not, in
general, tangent to the cone or cylinder. This arc must pass through the starting

" andendingpoints of the filletcurve definedin the FilletDefinitionarea.

Oncethe calculationsarecomplete you mayobtaina hardcopy by way of the print
t

menu.You havethe choice of ether printingthe dataor a bit map copy of the data
form. I suggest that you printthe data insteadof the form because it containsthe
most informationand printsmuch fasterthan theform.The form hasthe advantage
in thatit printsa copy of the mandrelpicture.

Contacting Me If You Need More Information
paulGera_ty
LawrenceLivermoreNationalLaboratory
P.O. Box 808, L-792
Livermore,Ca. 94550

Phone: 510-423-7351
Fax: 510-423-4250
E-Mail: geraghty@conaps.llnl,gov
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