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ABSTRACT

An analytical approach to determine an optimum laminate for a
variety of thermal and mechanica1k1oading combinations is presented.
The analysis is performed for a linear elastic material under static
mechanical and uniform thermal loadings.

The problem is restricted to a unit width and length laminate
with angle orientations resulting in an orthotropic, symmetric and
baianced configuration. This allows for the elimination of bending-
extention coupling effects, furthermore only in-plane loads and uni-
form temperature change through the thickness are considered. Thus
the problem is reduced to that of a plane stress state.

The optimization is performed by a general purpose proaram,
AESOP (Automated Engineering and Scieﬁtific Optimization Proaram)
developed for NASA by the Boeing Co. An objective function defining
total strain energy, is formulated and an optimum laminate design

determined subject to constraints on stiffness, average coefficient of

thermal expansion, and strength. The objective function is formulated

in terms of the'orientation angles, number of plies and material
properties.

The method presented has, in varying degreés, shown that the de-
Signrof a laminate can be accomptished using strain energy minimiza-
tion as the primary criteria. If is felt that by minimizihg strain

energy, reserve strength is maximized. The inclusion of a failure

criteria may result in a non-feasible solution based on the purpose of

a failure criteria to maximize stress, within failure bounds. The
resuTts'of various combinations of appiied constraints in the opti-

mized design process are presented and discussed.

.i
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Chapter 1
INTRODUCTION
1.1 GENERAL
The goal of structural engineering is, for the most part, to
arrive at a design which is the most economical and at the same time
satisfies all load and deflection requirements. This goal is best met
by implementing some optimization technique‘to aid in the design pro-
cess. The use of optimization is a relatively recent development in
the design of structures and has not yet enjoyed the intensive study
needed to yield the poténtia]ly powerful tool it promises to be.
Design, at present, usually amounts to a series of analysis procedures,
or iterations, until a suitable solution is found, however with the
advent of modern high speed digital computers the use of anvoptimiza-
“tion technique to solve the same problem can yield a superior design,‘
and a savings in computational effort.
Laminated composite materials, being composed of many plies at
‘various angles of orientation, readi1y allow the direct application of
optimizationitechniques to arrive at an optimum design. Previous
investigations have dealt with this problem on'the basis ¢f a minimum
weight design with various constraints applied. Many‘of_thése efforts
- have been of the "try them all" approaCh. | | |
The "try them all" approach amounts to the systematic perturb1ng
of angular orientations by a set increment until all poséible configura-
tions have been analyzed. This is fine for a very smali number of

plies in the‘laminate but the total computationa] time involved for



a large number of piies is prohibitive. This leads to the use of non
Tinear programming techniques to arrive at an optimum design.

Little attention has been paid to the effects of thermal loading
on the design, or the need for tailoring laminates for certain thermal
expansion characteristics. This type of problem is becoming critical
as higher temperatures environments and extreme temperature ranges are

encountered, especially in spacecraft and hypersonic flight.

1.2 OBJECTIVES
The primary objective of this report is to develop a computer code

which can be used to find an optimum composite laminate design, given

the mechanical and temperature loadings. In addition, the capability to
use the code purely for éna]ysis is provided. |

The design is found by perturbing the design variables until the
objective function, consisting of total strain energy, is minimized
subject to constraints on stiffness, coefficients of thermal expansion
and failure criteria. The use of the total strain energy of the
1am1hate as the objective function to be minimized is thought to be
a means of maximizing the total reserve strength the laminate has

available.



Chapter 2
LITERATURE REVIEW

A number of schemes for optimum laminate design have been formu-
Tated during thé early years of composite material technology develop-
ment. The earliest ¢f these deals with fiberglass laminate design by
Hackman and Stotler [1]. This procedure uses the number of plies,
individual ply material type and p1y orientation as the design
variables. A combihed load envelope is developed and adjusted to
reflect fatigue and environmehta1 factors. The design is then found,
by means of a polar loading diagram, through a series of material and
ply ofientation Se]ections. This type of design method lacks the
ability to consider ply interaction.

The computer program RC7 written by General Dynamics [2] de-
termines an optimum laminate by means of a series of ply additions
and reorientations. RC7 has the capability to handle 20 plies, con-
tains two strength criteria, Tsai-Hill and maximum strain but stiffness
is not considered.‘ The ply angles are allowed to vary from 0 to 180
degrees in increments of 5 dégrees. This procedure would seem to be
very good for their laminates but the large number of reorientations
‘invdlved tend to negate the value for a large number of plies.

Approaching the problem by a different method, Foye and Baker [3]
use a random search technique as opposed to thé exhaustive, systematic
search. Initially this procedure determines the number of p]ies by a
random search method then in the second step uses non-linear pro-

gramming techniques to find the optimum orientations.



An analytical approach is taken by Bush [4] to the optimization
problem. This procedure uses a unique simultaneous equation solution
approach formulated on the basis of the load-stress and stress-strain
relations. The design variables include total thickness and + angles.
The design is constrained to be orthotropic about the principle 1oad
directions.

Another type of laminate design optimization procedure has employed
families of plies. Two such programs, OPLAM by Grumman Aerospace [5]
and OPTLAM by Douglas Aircraft [6], follow a procedure similar to RC7
using [0/+45/90] orthotropic laminate. Basically, these two procedures
'go through a series of ply reorientations, restricted to the previously
mentioned angles, and ply deletions until a minimum’ply solution is
obtained.

The method found in the Advanced Composites Design Guide [7] is
a more general constrained minimization program. This procedure uses
the method of centered circles to arrive at a constrained optimum
solution.. ;. v
| Schmit and Farshi [8] present a method for optimum Taminate
design using a series of linear pfdgrams to approximate fhe nonlinear
programming'formulatioh. The solution implementsAthe method of in-
scribed hyperspheres to obtain the optimum laminate. This procedure .
considers multiple in-p]ahe loads, strength and stiffness.

Al ef the methods reviewed above invo1Ve laminate design. The

next logical step is the assemblage of these laminates into structural



elements. In references [9-28] these types of applications are discus-
sed in great detail. The general structural etement application usually
involves finite element analysis in conjunction with a laminate analysis
program. A further step in this direction involves the désign of com-
plex structural elements, such as complete wings. The details of these
applications are discussed in references [29-31] which are beyond the
scope of this investigation.

The methods presented in the detailed review, include, systematic
séarch techniques, random search techniques, analytical approachs and
mdre sophisticated non-1inear programminé methods. Many of these
methods tend to be computationally exhaustive for a Targe number of
plies, and as a result this investigation shall deal with the usage of
a series of non linear programming techniques as a means of obtaining
an optimum sotution.

A1l of the mefhods reviewed used weight as the function to be
minimized with various combinations of constraints, either strength or
stiffness generally employed but coefficients of thermal expansion
~ were neglected for the most part.

The current investigation shall be festricted to laminate designs
with thermal effects included. Total strain energy shall be employed
-as the function to be minimized, subject to stiffness, strength, and

coefficient of thermal expansion constraints.



Chapter 3
THEORETICAL FORMULATION

3.1 LAMINATE ANALYSIS

The Taminate analysis is based on a single, integral structural
element made up of fwo or more laminae bonded together. The indivi-
dual lamina properties govern the response of the laminate. Logically
the lamina is the initial step in formulating the laminate analysis.

The Tamina is assumed to be a homogenous orthotropic material in
a plane stress state. Orthotropic materials have three planes of
material property symmetry (Fig. la). The general constitutive equa-
tions for a lamina in its natural coordinate system (Fig. 1b) may be

expressed as:

€ St S12 S8 O
€2 (1512 S22 S26f| 92 (3.1)
T12! LS16 S26 Seed | 712

Where, the components of the compliance matrix, S, are:
, .

S = e

1T

S. =-_\.)"_2_=__\.).g.]_

127 E,
Spp == G2
22 " E, | 3.
_1 |
%66 " &,
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The strain-stress relations of (3.1) can by matrix inversion, yield

the stress-strain relations:

o Oy Oy G5
o (= Q2 Qp Qg e (3.3)
12 Qe %6 Q6 'v12

-}whére, the components of the stiffness matrix, Q, are:

Qy = 22 77 2
-\ v
P S - S+
12 2 T =va,v YR
511522557 12Y21 12°21 |
(3.4)
Q = S.” = E2
22 7 T
Q%6 = §l‘ =6
66
Qg = Upg = 0

The stresses and strains myst now be expressed in terms of an
arbitrary coordinate system (Fig. 1c) rotated by an angle theta from
_the x-axis to the 1-axis. These stresses and strains‘can be expressed

in the following form,

%% ; %
s A1)
oy - [T] 02 (3.5)

Txy o VT]Z



and
- 3.6)
Txy 12
2 2

where the coordinate transformation matrix, T, is

c2 52 2sc
[T] = |s¢ @ -2sc “ (3.7)
2 2

-sC SC C¢°-§
and the superscript -1 denotes the matrix inverse,

c2 ‘52 -28¢
(117 = [ @ asc (3.8)

sC -SC C2-$2

where

C = cosine ©

S = sine ©
In (3.6) it is noted fhaé strains transform via the same transforma-
tion if the tensor definition of shear strain is used (engineering

shear strain divided by two). However, if the matrix
1 00

[R1=]0 1 o0 S (3.9)
R 00 2

i
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due to Reuter [32] is implemented, the strain vectors become,

1 Yt
€y = [R] €5 (3.10)
12 N2
3
and
| 1
!
= R1J) e (3.11
ey [R] ey ( )
Yxy Txy
2

Thus, in order to obtain the stress-strain relations in the x,y coordin-
ate system in terms of the mﬁterial properties and the laminae orienta-
tions equations (3.3), (3.5), (3.10), (3.6) and (3.11) are combined to
yield,

a S 01 €

X i X

_ -] - =Tr, -1
o = (117" {0, ¢ = [T1'[QI[RILTI[R] e (3-1?)
Txy "2 Yxy

however [R][T][R]" = [T]"T where superscript T denotes matrix trans-

pose, thus abbreviating

(a1 = [v3°'QlrT1’ | (3.13)

and in simplified form (3.12) becomes,



1

X X
oy = [Q] €y (3.14)
Txy Yxy

The derivation for the strains follows a similar path and can be found
in more detail in [33] Jones.

The previously expressed relationships are valid for any lamina
of a laminate. Thus the stresses for the kth ply are,

{cx}k = [Q]k{e } (3.15)

In order to derive the stress strain relationships for the lamin-
ate the Kirchhoff hypothesis for plates must be introduced to
account for the variation of strain through the thickness. This

th

representation of strain for the k™ ply in terms of the mid-plane

strain and curvature may be written as

€ aof K
X4 X X

0 .
s_y = ey  *2 K.y - (3.16)
: . 0 :
ny . ny ,ny

where z is the distance from the laminate midplane to the lamina mid-

plane and the stresses in the kthxply as,

O & O X O

-0 = [Q]k 1€



12

The strains vary linearly through the thickness but due to possible
variation of the Q matrix from ply to ply‘ the stress variation will,
in general, be nonlinear.

The resultant laminate forces (force per unit length) and moments
(moment per unit 1engi;h)I (Fig. 2) are obtained by integrating the

stresses of each pTy“t‘hr'ough the thickness (Fig. 3) as follows,

H n %k
{N} = {o } dz = ¢ {o.} dz
"H X k k=] Zk_] X k

2 (3.18)
H n k
{M} = {c.} zdz =% {c } zdz
-H Xk k=1Jz Xk
k-1
Substituting (3.17) in (3.18) iyie]ds, ,
- 2k 2k
{N} = 1 [Q]k‘ {e®}dz +f - {Kk}zdz
S S 2
k-1 o (3.19)
£k Fk
n 2.
{M} = kzl (2], {e®}zdz +f {x}z%dz
= JZ ‘
"k 2y ‘
Simplifying (3.19) yields,
{N} = [A]{e°} + [BI{x}

(3.20)
{M} = [B]{°} + [D]{x} ,

where

Aij = kfl (Q]J)k(z k% k‘-]’)
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FIGURE 2  FORCES AND MOMENTS OGN
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By =L 5 (B (22220 '(321)
(NI F LA S S :

1" 3 R
Dij = §-k§1 (Q )k(zk-zk ]) for i, j = 1,2,6

Rewriting (3.20) in combined form results in

or in inverted form _ | (3.22)

Complete details of this derivation may be found in [33].

3.2 THERMAL ANALYSIS

The thermal analysis for laminated composites is developed by
following the strain history of the individual lamina from the un-
cured state throdgh'cdring:to the final bonded state. ’The material
properties of the lamina are assumed to be constant through the
temperature range, thus neglecting any degradation effects. Com-
bininnghese thermal curing effects with the éffects of increased or
decreased operating temperature on the Iaminate, the totaf thermal
analysis can be developed. Initially, éxaminkng the’coefficients‘of
thermal expansion in the natura]»cpordinate,system, the‘strains due

kth

to a temperature change for the | ply can be obtained. Thus the

expressions for the free thermal strains in naiural coordinates are,
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Eqy = a AT
1 (3.23)
82 = azAT
or more simply in vector form for the kth ply are,
51” 1% o
€2 = az AT (3-24)
12 0

The strains of (3.24) may be transformed to x,y coordinate system by
means of (3.6) and (3.11) as expressed below,

e /

Ex %] *x

o - 1 '] -
ey = [R][T]k az AT— Qy | AT (3-25)
Y xy ) 0 K .o

where the coefficients of thermal expansion are transformed to the x,y

coordinate system and noting the %y term as an apparent coefficient of

thermal shear. The expressions for stress resulting from thermal Strain,

if the lamina is restrained, may be found by substituting (3.24) in (3.3),
yielding, ‘ |

o) oy |
| RN

T . {

127 K

Also in x, y coordinates the stresses may be found by substituting
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(3.25) in (3.14) yielding,

e 'CFX - oy
oy = [Q]k oy AT (3.27)
o Sy vl

The next step is to deve]bp an éxpreséion for the coefficients of
thermal eXpansiQn.fortthé‘laminate. Substituting (3.27) in (3.18) to

obtain the equivalent forces due to the thermal loadings for a

symmetric laminate [B] = 0 yields,

H . _ ,
N} = At/r [Q]k{ax}kdz (3.28)
-H )

and

(N} = [AJ1e%2

-

n

AT 2 (@ o 2z y) (3529)
where {N} is the equivalent thermal force and {°} is the equivalent
“thermal midplane strain which is uniform through the laminate. Thus,

‘if (3.29) is rearranged to yield midplane thermal strain,

] Lo |
= [A1 : [Wylo?, (22,0087 (3.30)

- where, simplifying to separate the laminate coefficient of thermal
expansion yields,

n
{a}= kzl.[Q]k{aX}k(zk-zk_]) . (3.31)

~ The analysis via the strain history is now developed. The indi-
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vidual plies are laid together in the specified anQUIar'orientations
at ambient temperature and are then subjected to pressure and heat.
The temperature is raised to a maximum and then decreased through the
stress free tempé?ature down to ambient, the specifics of the cyple
may vary but this is a genéra] descriptibn. The lamina are considered
cured into a Taminate after the stréss:ffee tehpérature is’reéched and
no longer act individually. The Iaminate.behaves as a single struc-
fural component from the stress free témpekéture'down“to‘the ambjeﬁt |
temperature and then eijther Up or down to the Operatinj’fémperatﬁre.

A typical laminate cdre cyc]evmay‘be seen in (Eig; 4).  Due to this
change from the unbonded totﬁéibonded state at different temperatures,
each effect must be accounted féf‘in the analysis. With this tempera-

ture history in mind the strains of the laminae (Fig. 5) are formulated,

- 1 2, -1 .3
{ex}] = {ax}] AT + {ax}] AT® + {a} AT B
(3.32)
1 2 - 3
{e.} ={a .} AT + {a .} AT" + {a} AT
X'y X'y O X'y ,
and,
AT] + ATZ +aT3=0 (’3.33)
,thus;
At s (a1 4 at?) | (3.34)

- The strains produced in the curing process will be,designated

residual thermal strains and expressed as



-100j

AT = AT +ATY
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(e R = to, 3 (-aT%) + (3} aT = AT(8) - (o))
1 1 1

(3.35)
te R =t ) (013 + @y 2T = ATE - to,})
2 2 2
or in general form,
: R_ 3= |
{ex} = AT [{a} - {ax} ] (3.36)
k k
where,
R = 21?5 (3.37)
and the equivalent forces
iR = AR (3.38)

Substituting (3.36) in (3.14) results in the expression for the

equivalent stresses,
R _ 3,,-
{Gx} = [Q]kAT ({a} - {ax} ) (3.39)
k k
In a similar manner the expressions for the stresses and strains due to
the temperature chahge from ambient to operating can be derived.

During this changé the laminate is bonded and no effects for the in-

dividual lamina aré incTuded, thus,
{e*}i - o = ot (3.40)
 and the additional equivalent forces aré}
NE = [A7EF o (3.41)

Substituting (3.40) in (3.14) results in the expression for the
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additional equivalent stresses
E _ 4,-
{o,3" = [Q AT () (3.42)
k

The total temperature effect may now be formulated by combining the

two effects, however, first the term AT may be defined as,
AT = a13 + a1t (3.43)
The results of (3.42) may be used to simplify the equations that
follow, thus the total midplane strain is,
1 = R+ 0 =A@ (3.44)
and total equivalent forces are,

T

= R+ nE = [A]{e°}T (3.45)

The lamina strains may be expressed as,
T R E - 3
{e,} = {e } + {e } = aT{a} - AT {0 } (3.46)
ko Xk Xk Xk
and the resultant equivalent stresses are,
{c }T = {o }R + {0 )F = [Q], aT({a} - {a,} ) (3.47)
X"k X"k X k X" '

Thus, if the cured state is restored (aT=0) or in other words the
lamina strains are present but the stress-free state is satisfied as is

now -shown,

T3, | .
(e =T (3.48)
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{ox}T =0 (3.49)
k :

3.3 LAMINATE ENGINEERING CONSTANTS

The laminate engineering constants may be determined for a
symmetric laminate by applying a unit inplane load, only in the
direction of the desired constants. This may be shown by the fol-

| lowing relationship,

0 -1 -1 -1 -
ey Ay Ay A oy
) - -1 -1 -1 -
0 -1oal - -
Txy Me As  Asp Ty
where the average stresses {c,} are,
%% 1 Nx
5y | - i N, (3.49)
| Txy ny
and 2H is the total thickness.
Defining Youngs modulus as,
E, = =X,y Xy - (3.50)
i e,

i
Thus for Nx equaling unity the relationships for average stress and

 midplane strain become

Sx = N, () | @

FPRODUCIBILITY OF THE
%mqum PACE 18 POOR
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~and
o _ -1
€y = A]]Nx (3.52)
Substituting (3.51) and (3.52) in (3.50) yields,
1 1 -
X =1 - -
ANg A AplaH)

In a similar manner Ey and ny are

1
E = (3.54)
y a1
A5,(2H)
and
]
G, = —g— (3.55)
X Ae(2H)

The expressions for Poisson's ratio may be derived by the same

method, first defining Poisson's ratio as

m

\).iJ =o- 'gl-' 'i,j=X,y (3-56)
i
yields ,
-1
e A ‘
- Y _ 21 ; (
vy, = - I e B 3.57)
Xy €y A-] ;
11
and
-1
Ex Aoy ,
v S e dvmeme T e e (3.58)
yx ey A22

Further constants of interest are those of [34] by

Lekhnitski called coefficients of mutual influence. These are simply
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presented here, more detail may be found in the previously mentioned
reference,
&5 ..
Mg Ty DI (3.59)

for i3 = 1 and all other stresses are zero, similarly,

n_ij,.i = 13j=x’y (_3-60)

ij
kg —ale

for oy = 1 and all other stresses are zero. Thus these coefficients

may be expressed as follows,
-1

A
Ny T e (3.61)

R Age

A
n = L2 (3.62)
YsyX Aéé

A"']
n, =10 (3.63)
XY 5 X ;?T :
11
n =‘A§25 (3.64)
yxsy ~aT .
22
3.4 FAILURE ANALYSIS
The failure analysis is formulated on the basis of the Tsai-Hill
[35] criteria for a lamina. Failure of the laminate is based on
the first ply failure theory such that if one ply fails the entire
laminate is considered to have failed. This criteria may be expressEd‘

in terms of the lamina natural coordinate stresses and the individual



26

lamina strengths as follows,

".:12 919 "g sz
-yt st <] (3.65)
X X Y s

This criteria was chosen over the Tsai-Wu theory [36] in order to
avoid the laboratory determination of a key value needed for the
evaluation.

The Tsai-Wu theory is of a more general nature and offers a more
responsive strength determination due to the greater number of terms.
This greater accuracy requires the knowledge of an experimental value
that must be determined by means 6f a biaxial test to failure. Also,
the results from the two theories differ only to a small extent over

the range of most angular orientations.

3.5 STRAIN ENERGY

The total strain energy of the laminate is determined by means of
a summation of the components strain energy due to the various mechan-
ical and thermal loadfngs.

The general expression for the elastic strain energy of a linear,
elastic body may'be found by considering an infinitesimal element
(Fig. 6 ) of dimensions dx, dy and dz. Thus for the uniaxial stress
state the force acting on the right or left face is oy dy dz where dy
dz represent an infinitesimal area of the element. Due to‘this force
the element deforms an amount e, dx where ¢ 1is the strain in the x

direction. Having assumed linear, elastic material, stress is pro-
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FIGURE 6 ELEMENT IN UNIAXIAL TENSION
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portional to strain and further, the force acting on the element
increases from zero to its full value in a linear value. The average
force acting on the element during the time that deformation is taking
place 1S'°x dy dz/2. The average force multiplied by the distance
through which it acts is the total work done on the element. There
is no dissipation of energy for a perfectly elastic body and therefore
the work done on the element is stored as recoverable internal strain

energy. The strain energy may be expressed as

du - ¢ o, dy dz) * (e dx) = Lo e dV  (3.66)

NOf =

where dV is the element volume. Rearranging (3.66) yields the strain-

energy density

dl _ 5 _ "X x
v 0= _ | (3'67);

Similar expressions may be derived for oy and Txy *
The total strain energy for the laminate ¢, is expressed as,

U =

™S

k=1 k k k k

where repeated subscripts i indicate summation and M denotes mechani-

cal loading effects.



Chapter 4
OPTIMIZATION FORMULATION
4.1 GENERAL |
The optimization procedure used is the AESOP program described in
Ref. [37,38]. Basically, this program is a series of mu]tivariete search
techniques for non-linear systems. The optimizer is easily coupled to
the synthesis program by means of storage linkages. The synthesis
program eomputes the objective function and the constraints functions
which are then supplied to the optimizer for evaluation. The optimizer
then perturbs the design variables until an optimum design, consistant
with constraint conditions, is obtained. Nine different search tech-
niques may be employed, either separate]y or in any combinatien to seek
an optimum, thus allowing freedom from method dependent solution pro- -
blems. A maximum of one hundred design variables are permitted while
as many as twenty constraints functions may be utilized. Details may
be obtained from the references. |
’ The search techniques available in AESOP and a brief description of
each follow, |
(1) Sectioning - series of one-dimensional searches paraliel
to the coordinate axes.
(2) Pattern - search in direction of the previous fevorable
search. k -
(3) Magnification - search in directioh of gain due to pro-
portional change at all parameters. |

(4) Steepest-Descent - search along the weighted gradient

29
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direction

(5) Adaptive Creeping - similar to (1), but small increments in
general minimum direction.

(6) Quadratic - similar to (4) but search direction is along a
sequence of second-order surfaces as opposed to first-order
surfaces of (4).

(7) Davidon's Method - series of searches of (4) type to
approximate a search of type (6).

(8) Random Point - evaluation of function at a set of uniformly
random points.

(9) Random Ray - search along a sequence of random rays having

uniform distribution.

4,2 MATHEMATICAL FORMULATION

The mathematical formulation of the multivariate optimization is
presented for the general case without any technique dependent aspects.

Basically, the goal is minimization of an objective function of the form,

¢ = @(Bi) d=1,2,...,m (4.1)

where Bi are the design variables subject to a system of constraints,

Y. = ¥.(B.) = Q; j=1,2,...,P , - (4.2)
Constraints may also be applied directly to the independent variables

by specifying avfeasib1e control space as follows,

L H .
B.i fBi < B.i 1:],2?.".”“ (4-3)
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Further, constraint functions of an equality nature may be treated
as an unconstrained problem by replacing the objective function with a

penalized objective function as follows

A .
o =0+ .z] wj ) w? : (4.4)
J:

wheré if the wj (the positive error weighting constants) are sufficient-
ly large in magnitude, minimization of (4.4) is the equivalent of mini-
mization of (4.1) subject to (4.2). .

This method is referred to as the exterior penalty function ap-
proach. Use of this approach results in the design only being valid
if all constraints are satisfied, thus only the final solution, if met,
is a valid design. This is opposed to an ihterior penalty function
approach where each design satisfies a set inequality constraints and

each successive design approaches the minimum.



Chapﬁerfs
RESULTS AND DISCUSSION

The computer program developed in accordance with Chabter 3~aqd—4
was used to solve a series of example problems to demonstrate the
various design options. These example problems used Boron/Epoxy, AVCO
5505/4 as the design material. '

Designs were determined for one mechanical and one temperature
loading case with constraints on stiffness and/or coefficients of
thermal expansion and/or ply strength. These desired‘constraint
values correspond to the material properties of titanium, aluminum and
an all composite [0,+45,0] 8 ply, symmetric, Boron/Epoxy laminate
(Table 1). o

The mechanical loads represent a case where ply failure w111 be
critical and therefore tax the strength criteria. Temperature loads
were chosen for a typical cure and operating environment. These
loads will be used for all problems unless noted otherwise (Table 2).

Additionally, all examples weré run for 300 function evaluations
with all other optimization parameters being identical. |

The design options are broken down into the various catagories”in
the results.. The major division is whethef or not the strength cri-
teria is cdnéidered as in sections 5.1 and 5.2. These sections each "
have ;gbsectionslaccording to which method is chosen, either letting
the angles vary ffom -909‘to 90° for a set number of plies or tollet

the number of plies vary for each set ply angle. Only the first of

32



TABLE 1
MATERIAL PROPERTIES

Boron/Epoxy Boron/Epoxy Titanium Aluminum
AVCO 5505/4 [0,+45,0]
E_(msi) 30.0 17.05
X 15.8 10.4
Ey(msi) 2.7 5.23
ny(msi) 0.93 4.43 6.0 3.9
Vyy 0.21 0.67 0.34 0.33
a, (uin/in/F) 2.5 2.28
o 4.8 13.1
ay(uin/in/ F) 13.1 6.45 ,
XT(ksi) 188
Xc(ksi) -362
140 80
YT(ksi) 9.1
Z(ksi) 19.2

33




TABLE 2
'MECHANICAL AND TEMPERATURE LOADS

N, = 1440 Tb/in
N, = 1440 1b/in
Ny = 1020 1b/in
T3 = -200° F
a1t = 1000 F

34
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these options is available in section 5.1 for design without a strength
criteria. It is felt that the problem of‘constraints on material
properties, or material property matching, can best be resolved by means
of reorientation alone. Furthermore, the option for perturbing the
number of plies is felt to be needed primarily for strength considera-
tions. It may bé noted that for the option of perturbing ply angles

for a set number of plies that the number of plies will fluctuate. This
is due to the fact that for angles of the range -90% < o < 0° and

0° <ve < 90° (angle ply laminate) a positive theta ply is always ac-
companied by a negative ply .

Initially, a test problem to check out the minimization process was
run for temperature loading only and without constraints. Intuitively,
it was felt that this should yield some unidirectional laminate, having
a total strain energy of zero. Three problems, using 2, 4 and 8 plies,
yielded the following results (Table 3). The results demonstrated that
4the computer pﬁogram was performing as expected and on this basis the
following examples were run. o

These designs are constrained to match various, feasible materia]
properties while minimizing the total laminate strain energy. The
results obtained are presented and discussed to validate the design

process employed.

5.1 DESIGNS WITH MATERIAL PROPERTIES CONSTRAINED
This sectionkdeals with the prbb]em of using a-composite laminate

to match the material propertieskof another material. There are many



Number of
- Plies

2
4

TABLE 3
UNCONSTRAINED STRAIN ENERGY RESULTS

Final ‘ Strain
Configuration Energy
[24].s 0.3980 E-14
[7.4,7.6,8.0,7.2] 0.9048 E-03
[8.8,7.6,8.0,8.0]S 0.3873 E-02

36

- Number of

Evaluations

17
68
134
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occasions where strength is not of primary consideration, due to the
fact that the design is minimum thickness critical, such as aircraft
skin designs. Another area where material property considerations are
critical is that of extreme, thermal deflection requirements.

These applications represent a large part of the present thrust
of composite hardware technology, which deals with the replacement of
present hardware with a composite design. The importance of property
matching is illustrated when the composite replacement part is compared
to the present part, for properties being equal, the composite is

advantageous on the basis of weight.

5.1.1 DESIGNED BY PERTURBING PLY ANGLES FOR A SET NUMBER OF PLIES
This approach to a non-strength critical design relies entirely
on the angles or orientation to satisfy the stated constraints and
locate a minimum strain energy laminate. The possible number of com-
binations of angles increases as the number of plies increase, there-
fore the’number of plies chosen for the starting point deserves serious
consideration and should be adequate to allow the process the proper
amount of freedom to satisfy the various constraints. The examples of
this section were run for 2 plies, thus the maximum humber,of plies is
8 for an angle ply laminate and 4 for a unidirectional or cross ply
laminate. The factor of two is due to the assumption of symmetry for

the laminate.
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5.1.1.1 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES OF A
[0,i45,0]s LAMINATE

The use of an all composite example is to check out the program for
convgrgence to a known feasible design. The boron/epoxy {0,t45,0]S was
anal}zed, using the analysis option, to obtain the laminate properties
that were given earlier in this chapter. Seven various cases were run
for this farget material for the standard mechanical and temperature
loads, unless noted. The constraints and nonstandard conditjons for
these were, as follows;

(1) E,» Ey and ny constrained;

(2) Ey and Ey constrained;

(3) «_ and oy constrained;

X
(4) - E, Ey and G iy constrained, Ny = 0;

(5) Ex Ey and ny constrained, Ny = ny = 0;

(6) E, Ey and ny constrained, N, = Ny = ny = 0;
(7) E, Ey and ny constrained, a1’ = a7 = 0.

These results are shown in Table 4.

Cases (1), (2) and (3) offer the best overall convergenceffbitarget
properties and also demonstrate reduced strain energy at between 5 to
10 percent compared to the target material. Case (3), oddly enough, has
good conVérgencglto properties other than those constrained and has
excellent thermal tai1oring ability.

The nonstandard 1oad1ng conditions yield reasonable property
tai]or1ng, with (4) be1ng the most responsive for variations of-

mecharical 10ads. ,De]et1on ofrcemperature loads, in example (7),
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TABLE 4
COMPOSITE LAMINATE - [O,:#S,O]s RESULTS FOR PLY ANGLES PERTURBED WITH MATERIAL PROPERTIES CONSTRAINED

Cases
2 3 4 6
Target Ex’ E‘y and ny Ex and Ey oy and a E!. Ey and Gx Ex' Ey and ny EK. E‘y and‘ny
Material Constained Constrained Constrained Constrained Constrained Constrained
= = = N =N = =
Ny 0 Ny xy 0 X Ny ny 0
[0.:45,0]s [:51.&7]s [:50,:7]s [:45.:12]s (:50.34]s ftZO,:ZS]s [:14.:30]5
17.05 15.87 15.92 15.05 16.35 17.51 18.07
' -6.9 ~6.6 ~1.7 -4.1 +2.7 +5.0
5.23 6.70 6.41 4.92 6.49 2.53 2.85
+28.2 422.6 -5.9 424.0 ~-51.6 -45.5
4.43 4.48 4.53 5.01 4.39 4.43 4.32
+1.2 +#2.3 +13.0 -0.8 0.0 «2.5
0.67 0.54 0.57 0.76 0.55 1.25 1.12
-19.4 . -10.9 +13.4 -17.9 +86.6 +67.2
2.28 . 2.59 2.53 2.17 2.54 1.23 1.47
+13.6 +11.0 -5.0 +11.4 -46.1 -35.5
6.45 5.30 5.46 6.47 5.47 11.85 10.80
-17.8 -15.3 +0.3 ~15.2 +83.7 +67.4
1356 1369 1424 841 297 9
-9.7 -8.9 -5.2 -3.7 -10.0 -51.4
HOTE: 21l percentages refer to variations with respect to the target material.

x*
Constrained
oT3=a1*=0
[:49.:5]s

16.30
4.3

5.19
+13.4

4.46
+0.7

0.58
-13.4

2.48
+8.8

5.68
-12.6

1267
-1

7
E Ej,;nd 6,
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also resulted in rather good overall property convergence. Cases (5)
and (6) exhibit a fairly wide spread of values othsi* than E, and ny.
The larger variations of Ey can be attributed ¢to its smaller value,

relative to Ex'aﬁd Gx combined with use of equal error constraint

Y
weighting factors.

Using nonstandard load conditions demonstrates the ability‘of the
optimization procedure to respond to different load environments. This
ability is apparent, except for the variation of Ey for the previbus]y |
stated reasons, in the error range found for Ex and ny, which is
similar to the standard load cases.

The overall response was quite good for this target material and
demonstrated the ability to selectively tailor properties by means of
the strain energy optimization method. There was no effort made to
constrain all six parameters. It is felt that this may not be a
realistic design situation. The failure of the method to return to
the [0,t45,0]S laminate used for the target properties may be explained
by the fact that the penality function, with constraint error weights
included, may be smaller than the strain energy alone for the térget
laminate. The design found by this method may be termed a more

feasible one if bounds can be formulated for the desired properties.

5.1.1.2 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES
~ OF TITANIUM
This section deals with tailoring properties to match those of

the material which is most closely in competition with composite



TABLE 5

COMPOSITE LAMINATE - TITANIUM RESULTS FOR PLY ANGLES PERTURBED
WITH MATERIAL PROPERTIES CONSTRAINED

Cases
. 1 2 3
Targ?t E Ey and G Xy EX and Ey oy and ay
Material Constra1ned Constrained Constrained
Laminate [i28,i62}s [i77,t13]s [i59,i3]]s
E, (msi) 15.80 9,12 14.83 7.66
X'g -42.3 -6.1 -49.2
E (ms1) 15.80 9.12 14.83 7.66
Yy -42,3 -6.1 -49.2
8, (msi) 6.00 5.74 2.28 6.38
Yy 4.4 -62.1 +6.3
v, 0.34 0.46 0.13 0.55
%y +36.2 ~62.7 +61.8
ax(uin/in/oF) 4.80 3,52 3.52 3.52
- A -26.6 -26.6 -26.6
o (pin/in/°F) 4,80 3.52 3.52 2.52
Yy g -26.6 -26.6 -26.6
Stain energy 1103 1741 1061

NOTE: A1l percentages refer to variations with respect to the target
material.
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laminates from the standpoint of strength, stiffness and weight. Three
~cases were run for this target material, all with standard loadings and
the following constraints;

(1) E Ey and ny constrained;

(2) Ex and E_ constrained;

y

(3) oy and oy constrained.

The results of these examples may be found in Table 5.
These cases were constrained to have properties equal in both x
and y directions. This may'not be a reasonable sjtuation. The results

of case (1) show good agreement only for G, The agreement of E , E

v’
simultaneously may not be possible due to the relatively high

y
and Gx

Y
stiffness in all three directions of titanium. This may be shown in
case (2) where the constraint on ny is relaxed and Ex and Ey are more
readily satisfied. Continuing to case (3), the thermal values are not
satisfied, but the values determined are equivalent to those of a cross-
ply laminate, thus this is as close as it is physically possible to
come to the constrained situaticn. ’

This material illustrates the need for selective tailoring. A
cross-ply laminate [0,90,90,0], would be a viable solution but only
by paying a large penalty in strain enérgy and still violating both
ny and Vyy very'serious1y. Case (2) best satiSfies Ex and Ey but
also has the highest strain energy. It may also be noted that each
of these cases resulted in a laminate which contains two sets of plies,

each 90 degrees opposed.

Although results were not as,appea1ing as in the previous section,
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for a known feasible design, this section reveals the possibility of
mutually inconsistent design parameters. This highlights the value of

selective tailoring as an essential in laminate design.

5.1.1.3 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES
OF ALUMINUM

The cases run for aluminum present a different type of problem.
The elastic and shear modulus for aluminum is Tow enough that matching
these properties is not difficult but tne thermal properties are out of
the feasible range of composite laminates. For this reason the case
for matching thermal properties was dropped and only the following two
cases were run for the standard loading éonditions;

(1) Eyo Ey

(2) E, and Ey constrained.

and ny constrained;

As expected these results (Table 6) were good for the stiffness
properties an? inadequate for the thermal properties. The relaxation
of the shear constraint resulted in some slight improvement of stiff-
ness propertieé but not appreciably. Once again the resultant 1amihate
has approximately two sets of plies 90 degrees opposed, bdt at a
slightly different orientation.

This cése'shdws the readily avai]able.opportunity for replacement

of aluminum hardware as long as thermal expansion is not critical.

5.2 DESIGNS WITH MATERIAL PROPERTIES‘AND PLY FAILURES CONSTRAINED

Strength recuirements acquire greater importance in primary



TABLE 6

COMPOSITE LAMINATE - ALUMINUM RESULTS FOR PLY ANGLES PERTURBED
WITH MATERIAL PROPERTIES CONSTRAINED

Cases
1 2
Target EX,Ey and ny Ex and ?y'
Material Constrained Constrained
Laminate [i69,t21]s [i64,i28]s
Ex(msi) 10.40 12.25 9,29
% +17.8 -10.7
E (msi) 10.40 12.25 9.92
Yy +17.8 -4.6
G, (msi) 3.90 4.06 5.50
Yy +4.1 +41.0
v 0.33 0.28 0.42
%y -15.6 +27.3
‘ax(uin/in/°F) 13.10 3.52 3.63
% -73.1 -72.3
a. (uin/in/°F) ©13.10 3,52 3.42
Yooy , -73.1 -73.9
Strain energy ' ; 1276 1121

Note: A1l percentages refer to variations with respect to the target
material. ' o
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structure applications. In these areas, the ultimate load carrying
capacity is most generally the governing factor in design. The consid-
eration of a strength criteria in the design is included by means of

one constraint for each ply failure computation. The Tsai-Hill failure
criteria is used where the numerical value must be less than or equal
“to unity to assure that the individual ply has not failed. The laminate
is considered failed if one ply has failed.

On this basis two example problems weke run, first by perturbing
the ply angles for a set number of plies and secondly by perturbing
the number of plies for a set ply angle with constraints only on ply
failure. The results of these problems may be found in Table 7.

These results are for the standard load conditions and the design
material used previously. Thé mechanical loads used should evolve an
initial design such that the worst case is present from a strength
standpoint. As can be observed from the results, ply failures occur
'for both methods and furthermore, these failures take place in plies
which are roughly perpendicular to the éhear force. The placement of
these plies is usually the resuit of the balanced plus-minus angle
requirements.

The relative emphasis to be placed on each aspect of the design,
eithér property matching or p1y failure, must be decided by the
designef. This emphasis hay be implemented by means of load factoring,
constraint ekror weighting or some equitable combination'of both. The
examp]es‘presented use the same data throughout for the sake of

comparison.
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TABLE 7

COMPOSITE LAMINATE RESULTS FOR PLY ANGLES OR NUMBER OF
PLIES PERTURBED WITH PLY FAILURES CONSTRAINED

Cases
1 2
~ Ply P1ly Angles Number of Plies
Number Perturbed Perturbed
Laminate [t30,90,3c21]S [90,90,i45,i45,0]s
1 0.6015 0.6240
2 2.1987 0.6240
3 0.7666 0.2974
ply failure > 1 4 2.0196 1.0911
5 0.7034 0.2974
6 - 1.0911
7 - 0.4832
strain energy 1084 748
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5.2.1 DESIGNED BY PERTURBING PLY ANGLES FOR SET NUMBER OF PLIES

The method of perturbing ply angles for a set number of plies
relies on the computation of an initial désign based on the applied
loads. This design is then subjected to a series of angular reorienta-
tion until an optimum design is found. From this standpoint the ini-
tial design provides the number of plies to be considered, within the
restriction that any plus angle is balanced with a minus angle.

The loads in the cases run will result in a [0,+45,90]S initial
laminate design which automatically becomes a [0,i45,90]s laminate due
to the above restriction. Thus the resultant design could be between
6 and 12 plies with the factor of two due to symmetry as dis;ussed

before.

5.2.1.1 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES OF A
[0,145,0]S LAMINATE

The all composite material design is geared toward matching a
~ known feasible laminate and satisfying ply feilure requirements. Com-
parisons are also made for strain energyvin each 1aminate. Three
cases were run for the standard load conditions and the following
constraints; |

(1) Eys Ey and nykconstrained;

(2) E, and E, constrained;

y

(3) oy and ay constrained.

~ The results of which can be found in Table 8. Cases (1) and (3)

yield the best convergence with (3) being the superior design from a



TABLE 8

COMPOSITE LAMINATES - [0,i45,0]S RESULTS FOR PLY ANGLES PERTURBED
WITH MATERIAL PROPERTIES AND PLY FAILURES CONSTRAINED

Cases
1 2 3
Target Ex’Ey and ny EX and Ey oy and oy
Material Constrained Constrained - Constrained
Laminate [0,t45,0]S [t29,90,t22]s [i],t89,i15]s [i27,i51,i21]5
E (msi) 17.05 15.43 19.67 12.30
X'g -9.5 +15.4 -27.9
E (ms1) 5.23 8.05 11.80 4.76
% +53.9 +125.6 -9.0
G . (msi) 4.43 4,29 1.52 5.73
Xy -3.2 . -65.7 +29.3
0.67 0.44 0.10 0.83
Z/jy -34.3 -85. 1 +23.9
(u1n/1n/ F) 2.28 2.81 3.1 2.12
% . +23.2 +36.4 -7.0
o (win/in/%F) 6.45 4.69 4.18 6.16
'y -27.3 -35,2 -4.5
Strain energy 1502 1085 1590 923
% -27.8 +5.8 -38.6
Number of plies 4 4 6
failed '

Note: A1l percentages refer to variations w1th respect to the target
material.
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property standpoint. Case (2) seems to be invalid and raises the
possibility that a local minima was found due to the glaring disparity
of values. Case (1) shows good stiffness tailoring, although the Ey
value is high, which may or may not be beneficial. The thermal
tailoring characteristics of case (3) are quite good and as a by-
product give reasonable stiffness values.

Once again ply failure occurs in the plies perpendicular to the
applied shear force. This is due to the high value of transverse
stress in each case. The method is reasonable from the property

matching standpoint and exhibits capability in both stiffness and

thermal tailoring in addition to greatly reduced strain energy.

5.2.1.2 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES
OF TITANIUM
Three cases were run for standard loads and the constraints that
follow;
m Ey> Ey and ny constrained;
(2) E, and E constrained;

y
(3) o, and oy constrained.

X
The results closely parallel those of the preceding section
(Table 9). The therma] case yielded the best results in all respects

but all suffer from the same fault diséussed in section 5.1.1.2
dealing With the poss15i1ity of mutual exclusion of constraint va]ues.
The method suffers similar ply failure character1st1cs dealing

with h1gh transverse tensile stresses in p11es perpend1cu1ar to the



TABLE 9

COMPOSITE LAMINATE - TITANIUM RESULTS FOR PLY ANGLES PERTURBED
WITH MATERIAL PROPERTIES AND PLY FAILURES CONSTRAINED

Cases
1 2 3
Target E < Ey and G Xy Ex and Ey oy and Ly
Material Constrawned Constrained Constrained
Laminate [tSS,t74,i43]s [t34,i75,i64]s [0,&89,t29]s
Ex(msi) 15.80 4.36 6.11 14.10
% ' -72.4 -61.3 -10.8
E (ms1) 15.80 11.49 14.54 13.77
% -27.3 -8.0 -12.8
Gx (msi) 6.00 5.96 4.96 2.95
Yy -0.7 -17.3 -50.8
vy 0.34 0.34 0.26 0.18
%y 0.0 -23.5 =477
ax(uin/in/oF) 4.80 6.43 5.46 3.50
% | +34.0 +13.8 =27.1
o (win/in/°F) 4.80 1.96 2.48 3,55
Yooy 259.2 -48.3  -26.0
Strain energy 926 : 929 1230
Number of plies 6 6 2
failed

‘Note: All percentages refer to var1at1ons with respect to the target
mater1a1
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shear force. The tailoring ability remains quite good, relative to

the constraint values required.

5.2.1.3 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES
OF ALUMINUM |
The cases are, once again restricted to standard loads and con-
straints on;

(1) Ex’ E, and G constrained;

Yy Yy
(2) Ex and E_ constrained.

The results y§e1d good stiffness tailoring for each case, and quite
naturally, poor thermal tailoring (Table 10). Additionally, each case
yields a laminate not far removed from the initial design. This
coupled with the ply failure problem would indicate that the initial

design shouldrcontain a larger number of plies.

5.2.2 DESIGNED BY PERTURBING THE NUMBER OF PLIES FOR A SET PLY ANGLE
The method presented here re]ies on the addition or substraction

of plies for each set ply angle. Ply angles are in five Qroups con-

sisting of 90°, +60°, i45°,':3Q° and 0°. TInitial designs consist of '

0 +45% and 0° angle combinations depending on the applied loads.

The optimization proceeds by perturbing the number of piies,

for each set angle, between 0 and 2 until an optimum,design is found.

The strain-ehergy is minimized with respect to the constraints on

strength and proberties. Varying the number of plies should satisfy



TABLE 10

COMPOSITE LAMINATE - ALUMINUM RESULTS FOR PLY ANGLES PERTURBED
WITH MATERIAL PROPERTIES AND PLY FAILURES CONSTRAINED

Cases
1 2
Target Ex’ Ey and ny EX and Ey
Material Constrained Constrained
Laminate [0,90,i51]s [i57,90,i5]s
Ex(msi) 10.40 10.59 13.77
% +1.8 +32.4
E (msi) 10.40 13.18 12.95
Yy +26.7 +24.5
GX (msi) 3.90 4,28 3.35
Yy +9.7 -14.1
v 0.33 0.27 0.22
o | -18.2 -33.3
ux(uin/in/oF) 13.10 3.84 | 3.45
' % -70.7 -73.7
a(winzin/®F)  13.10 3.26 3.60
Yooy | -75.1 -72.5
Strain energy 1254 1151
Number of plies 6 4

failed

Note: A1l percentages refer to var?atidns with respect to the target

material.
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the strength requirements and provide enough variety of angular orienta-

tion to satisfy material property constraints.

5.2.2.1 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES OF
A [0,i45,0]s LAMINATE

The cases for this target material use standard load conditions
with the following constraints;

(1) E Ey and ny constrained;

(2) -Ex and Ey constrained;

(3) oy and ay constrained.

These results are summarized in Table 11. Of the three cases only
(3) responded with viable results. Variations of Ey have been dis-
cussed previously and those arguments may also apply here. The
failure of the stiffness constraints to yield material properties
of an appropriate nature may be due to the large number of ply
failure constraints overwhelming the other constraints.

Ply failure due to transverse stresses of negative angle plies
continues to appear. The explanation for this may be involved in
the use 6f strain energy as the function to be minimized. Anothér
possibility that offers an explanation is that of stiffness con-
‘straints and ply failure constraints, for this 1oading>Case, may be
mutually exclusive..

The therma) case offers reasonable tailoring along with a large
reduction in strain energy. The ply failure constraints for the

thermal case are close to being satisfied. The total outlook for



TABLE 11

COMPOSITE LAMINATE - [0,145¢0]S RESULTS WITH NUMBER OF PLIES
PERTURBED WITH MATERIAL PROPE‘TIES AND PLY FAILURES CONSTRAINED

Cases
1 2 3
Target Ex’ Ey and ny Ex and Ey oy and %
Material Constrained Constrained Constrained
Laminate [0,:45,0]s [90,145,0]S [90,90,i60,i45,0]s [90,i30,i30,0]s

E, (msi) 17.05 11.64 8.02 15.51

% -31.7 -53.0 -9.0

E (msi) 5.23 11.64 15.00 7.4
Yg A +122.6 +186.8 +41.7

G, (ms) 4.43 4.43 - 4.43 4.43
Yy 0.0 0.0 0.0

v (msi) ~ 0.67 0.31 0.24 0.49
Yy -53.7 -64.2 -26.9

o (win/in/F) 2.28 3.52 4.65 2.71
X g +54.4 +103.9 +18.9

o (uin/in/°F) 6.45 3.52 2.82 4.93
Yy  -45.4 -56.3 -23.6
Stain energy - 1502 1227 809 935
% , -18.3 -46.1 -37.7
Number of plies 6 : 4 6

failed

Note: ATl percentages refer to variations with respect to the target
material. | ‘
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case (3) 1s reasonably good but rather poor for the other two.

5.2.2.2 COMPOSITE LAMINATE TAILORED TO MATCH THE PROPERTIES OF
TITANIUM
Three cases were run for titanium with standard loads and the
following consiraints;

(1) Ex’ Ey and Gx constrained;

Y
(2) E, and Ey constrained;
(3) o, and -

Results of these cases are found in Table 12 and compare favorably
with those of the previous section. Cases (2) and (3) have reasonable
property values but case (1) approaches failure compliance more readily.

Overall, case (2) would possibly be viable if the E, = Ey constraint

were relaxed to some extent, additionally the strain energy is quite Tow.

5.2.2.3 COMPOSITE LAMINATE TAILORING TO MATCH THE PROPERTIES OF
ALUMINUM

The two cases for aluminum included standard loadings with con-
‘straints on the following;

(1) Egs E, and ny constrained;

(2) Ex and Ey constrained.

Results found in Table 13 follow the same trend, although the
stiffness properties are easily match, ply failure of the same nature
is encouhtered.

The aluminum results show that case (1) provides better property



TABLE 12

COMPOSITE LAMINATE - TITANIUM RESULTS FOR NUMBER OF PLIES
PERTURBED WITH MATERIAL PROPERTIES AND PLY FAILURES CONSTRAINED

Cases
1 , 2 | 3
Target Ex’ Ey and ny EX and Ey oy and %y
Material Constrained Constrained Constrained
Laminate | (90,£60,:60,30],  [90,+45,+45,0], [90,90,+45,0]
E ($S‘) 15.80 6.38 9.43 10.18
b -59.6 -40.3 -35.6
E (msi)  15.80 12.63 9.43 15.32
Yy -20.1 -40.3 -3.0
6, (msi) 6.00 5.43 5.59 3.73
Y -9.5 -6.8 -37.8
v, 0.34 0.32 0.45 0.21
%y -5.9 +32.4 -38.2
ax(uin/in/oF) 4.80 5.02 3.52 4,12
% | +4.6 -26.7 - -14.2
a (win/in/°F)  4.80 2.59 3.52 3.09
Yoy -46.0 -26.7 -35.6
Strain energy 765 ' 793 1115
Number of plies 4 4 6

failed

Note: Al] percentages refer to var1at1ons w1th respect to the target
material. , ,
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TABLE 13

COMPOSITE LAMINATE - ALUMINUM RESULTS FOR NUMBER OF PLIES
PERTURBED WITH MATERIAL PROPERTIES AND PLY FAILURES CONSTRAINED

Laminate
E (msi)
X'g
Ey(gsi)
ny(§51)

Vyy
%

ax(uin/in/oF)
9%
ay(uin/in/OF)

Strain energy

~ Number of»plies

failed

Note: A11.percenta
material.

Target
Material

10.40

10.40

3.90

0.33

13.10

13.10

Cases
] 2
Ex, Ey and ny Ex and E.y
Constreained Constrained
[90,i45,0]s [90,90,¢60,¢45,0]S
11.64 8.02
+11.9 -22.9
11.64 15.00
+11.9 +44,2
- 4.,43 4.43
+13.6 +13.6
0.31 0.24
-6.1 f27.3
3.52 4,65
-73.1 -64.5
3.52 2.82
-73.1 -78.5
1227 809
6 4
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matching, which is unusual due to extra constraint for shear modulus
being relaxed in case (2). This may be an example of the strain energy

function overwhelming the weighted constraint errors and resulting in a

somewhat misleading design.



Chapter 6
SUMMARY AND CONCLUSIONS

The results and discussion presented in the preceding chapter
offer several points for observation.

The results for the optimization without a strength criteria
proved to be quite good. The ability to tailor a composite laminate
for desired stiffness or thermal properties was readily apparent.
Various.1oad conditions provided results which exhibited the respon-
siveness of the optimization method. Laminates containing a minimum
of strain energy were found to be feasible to varying degrees,
dependent upon the constraints applied.

The inclusion of a strength criteria greatly degraded the quality
of results. Although the property tailoring capability remained
viable, it was somewhat restricted. Ply failure, in the plies perpen-
dicuiar to the applied shear force was a problem for both angles
variable and number of plies variable, primarily due to high transverse
tension stresses. The methods used in this section produced laminates
with Tower strain energy values, also dependent upon constraints
applied.

Commenting on the overall design,téchnique,»Teads to several clear
points that should come into play during design 1mp1ementation. The
first of these deals with selective tailoring ofvlaminate properties.
Tailoring should be applied on a priority basis with possibly upper
and lower bounds set for each property. Using a "broad brush"

approach to tailoring may result in a non-feasible solution situation.
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Further, along this same vein, constraint values in various directions
may need to be restricted along with recognizing properties which are
out of the feasible range of the design material, such as the thermal
properties of aluminum. Another point that should be noted is that
of constraint contributions to the penalty function. The effect of
each constraint should be approximately equal with respect to the
penalty function. The example problems were all run for the same
optimization parameters, for comparison purposes. Variation of pro-
blems would aictate the tailoring of the optimization parameters to
suit the particular problem. The random point search was found to
yield excellent starting points for subsequent searches of which the
creeping search proved the most effective for the example problems.
Initial designs proved to be somewhat inadequate and should be given
serious consideration, a]though this is dependent on applied loads.
There are sowme limitations in the design process. The AESOP pro-
gram is formulated on the basis of an exterior penalty function
approach to the optimization problem. This means that constraints
are allowed to oscii]até about the desired constraint value instead
of being bqunded by the desired value. This method poses problems,
especially for failure constraints, where it is essential that the
values not exceed the desired constraint value. Another limitation
exists in the number of plies variable method. This method invo]ves-:
the use of the number of plies as a continuous design variable. The
approéch is fine for the optimization algorithm but when the function

evaluations take place the number of plies must be discretized, and
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thus used in integer form. Truncation to an integer results in some-
what erratic behavior in the optimization scheme as was shown in the
numerical results.

The first limitation may possibly be alleviated by the use of
an interior penalty function formulation to impose inequality type
constraints as opposed to the present equality constraint used. The
second limitation may be solved by formulating this type of method in
an integer programming framework, the discussion of which is beyond
the scope of this investigation.

The method presented has, in varying degrees, shown that the design
of a laminate can be accomplished using strain energy minimization as
the primary criteria. It is felt that this criteria offers a means of
maximizing the reserve strength that the laminate has the potential to
~ exhibit. The inclusion of a failure criteria may be counter to the
strain energy criteria. This may be viewed by the fact that the energy
criteria seeks to preserve reserve strength while the failure criteria
tends to maximize stresses, within failure bounds. Viable trade offs
may be reached to make theée two purposes compatible.

An optimization method allows the designer the freedom to choose
directional properties and to eliminate excess material capability in
non-critical divections. Although, the nUmber of plies variable
method encountered truncation difficu]ty, this type of design, using
families of plies, is the most pradtica1vfrom the present techno]Ogy
manufacturing standpoint and as such deserves continued development.

This type of method coupled with ndn]inear’programming techniques and ,
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continued development of high speed digital computational hardware
promise to yield a design tool of an extremely powerful nature. The
use of a tool, such as the AESOP program, should be supplemented with
both a knowledge of the analysis technique and a background knowledge
of the optimization procedure. These tools and this knowledge must,
in the final analysis, be tempered with sound engineering judgment

which only the experienced designer possesses.
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A.1 LAMAES USER'S GUIDE

LAMAES is the name chosen for the total design-analysis program,
consisting of the laminate analysis program coupled with the optimiza-
tion program, AESOP.

The LAMAES program is set up to be used in two basic modes, either
analysis or design. This description is divided into three parts;
first information general to both modes, second specifics of the analy-

sis mode, and third specifics of the design-mode.

A.1.1 GENERAL
General data for any computer run,
CARD 1 format I5
NUMCAS - number of problems to be run, waximum of 10
CARD 2 format 1015
IOPSHN (10) - case mode selection
0 analysis
1 design
Sets of problem data
CARD 3 format 20A4
TITLE (20) - title of case
CARD 4 format 1115
1. LAMATE - Computatidn level selection
_Oblaminate

1 Tamina
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ISIGEP - lamina input selection
0 stresses given, strains computed
1 strains given, stresses computed
ISTRFR - laminate input selection
1 strains and curvatures given,
forces and moments computed
2 forces and moments given,
strains and curvatures computed
ISYMM - symmetry computation selection
0 symmetric laminate
1 asymmetric laminate

IECON - engineering constants computation selection

LAMATE = 0 LAMATE = 1
0 none none
1 laminate only -
2 lamina and laminate lamina only

NREPT - not used at this time
LAMX - force, moment, strain & curvature computation
“selection

0 none

1 all

2 R - curing thermal loading effects

3 E - operating thermal loading effects

note: mechanical effect computed automatically



8. LAMY -

lamina stresses and strains X,y coordinate

system computation selection

9. LAMZ -

0 none

1 all

2 M - mechanical loading effects
3R

4 E

5M&R

6M&E

7R&E

Tamina stresses and strains 1,2 coordinate

‘system computation selection

10, MAXLAY

11, NOPTYP

0 none
1 all

2 M

3R

4 E
5M&R
6M&E
7R&E

- option allowing doubling of Taminate size

=1 number of plies remains unchanged

0 doubles the number of plies symmetrically
- type of design method option

=1 no strergth criteria‘considered, angies
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variable, number of plies constant
0 strength criteria considered, angles
variable, number of plies constant
1 strength criteria considered, number
of plies variable, for constant ply
angle
note: an initial design must be supplied for
NGPTYP = -1, other options result in
the automatic determination of an initial

design (may be unidirectional)

CARD 5 format 715

1.

IOUTA

10UTB

IouTC

I0UTD

I0UTX
IOUTY

material property and layup print option
1 no printing

0 printing

lamina stiffness print option

1 no printing

0 printing

laminate stiffness print option

1 no printing

0 printing

engireering constants print option
1 no printing

2 printing

force, moment, strain & curvature*

lamina stress and strainiin~x,y coordinate
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system print optton*
7. IOUT Z - lamina stress and strain in 1,2 coordinate
system print option
*note: IOUTX, IOUTY and IOUTZ have the
same combinations, abbreviations
were previously defined.

0 none
1 all
2 M
3R
4 E
5 G - total or gross effect
6M&R
7M&E
8M&G
9R&E
T0OR &G
1ME &G
12M, R&E
13M, R&G
14 M, E &G
15R, E &G

CARD 6 format 2I5, 2 F10.0

NUMLAY - number of p]ies; maximum 30

NUMMAT - number of different materials, maximum 30
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TEMCHG - temperature change, ambient to operating

DELT 3 - temperature change, cure to ambient
CARD 7, 8, ... format 7P10.3/5D10.3

ELP (7, NUMMAT) - lamina material properties

ELP (1, - )

ELP (2, -

ELP (3,

elastic modulus E]

- elastic modulus E2

- shear modulus G]2

ELP (5, -

)
)

ELP (4, - ) - coefficient thermal expansion, o
) - coefficient thermal expansion, oy
)

ELP (6, -
ELP (7, - ) - ply thickness

- Poisson's ratio Vio

ELPP (5, NUMMAT) - lamina ultimate strength parameters

ELPP (1, - ) - tension ultimate XT
ELPP (2, - ) - compression ultimate X
ELPP (3, - ) - tension ultimate Y
ELPP (4, - ) - compression ultimate Ye
ELPP (5, - ) - shear ultimate Z

note: there should be 2 cards for each different
material, 1st card material property and
2nd card strength parameters.
CARD 9, ... format 8 (I5,F5.0) see note
MATER (NUMLAY) - matertal type
THETA (NUMLAY) - orientation angle

note: 4 plys per card
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CARD 10 format 6D12.5
Loads given
EPSIL (3, 1) for ISIGEP = 1
or } for LAMATE’= 1

SIGMA (3, 1) for ISIGEP = 0
or
AMDST (3)
and for ISTRFR = 1
AMDCR (3)
or for LAMATE = 0
FORCE (3)
and for ISTRFR = 2
AMOMN (3)

A.1.2. ANALYSIS
This section deals with specifics of the analysis mode which may
require various combinations of data values.
CARD 4
Use ISIGEP only if LAMATE
Use ISTRFR only if LAMATE
Use ISYMM only if LAMATE = 0

1
0

If thermal effects are desired in LAMY then LAMX must
be compatible, likewise LAMZ must be compatible
with LAMY, |

Use MAXLAY only if LAMATE = 0, NOPTYP does not apply.
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A1l print options must be compatible with computations

or zero's will resuit.

CARD 6

Must supply for amalysis.

CARD 9

Must supply for analysis.

CARD 10

Must supply for analysis.

A.1.3 DESIGN

This section deals with specifics of the design mode which may

require various combinations of data values.

CARD 4

LAMATE = 0

ISIGEP does not apply

ISYMM must be compatible with MAXLAY

IECON = 1 or 2

LAMX
LAMY
LAMZ

n

CARD 6
NUMLAY
" CARD 9

1

1

1

I

1 or greater even if design is determined internally.

Must supply for design (1 or greater)
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CARD 10

Must supply for design.

With each set of case data, the control input for the
optimization procedure must be input. This is the
form of “JRTRAN NAMELIST type input data. NAMELIST
input must be preceded by a card denoting the start
of the NAMELIST dinput.

& fAESOP - denotes NAMELIST input to follow, begins in
column 2.

NUMOPT - , - number of optimization searches to be

employed.

METHOP (20) = , - sequence of searches to be employed

1 Sectioning

2 Pattern

3 Magnify

4 Steepest Descent
5 Creeping

6 Quadratic

7 Davidon

8 Random Point

9 Random Ray

MAXJJJd = ,-- maximum number function evaluations
NALPHA =, - number of control parameters to be employed
ALPHA (100) = , - nominal values of control parameters

ALPHI (100) = , - upper control parameter search limits
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ALPLO (100) = , - lower control parameter search limits

NFUNC = , - number of functions to be considered
NUMPSI = s = number of constraints, maximum of 20
NPSI (20) = , - constraint function numbers

2 elastic modulus Ey direction
3 elastic modulus Ey direction
4 shear modulus ny direction
5 Poisson's ratio Vyy direction
6 coefficient of thermal expansion oy
direction
7 coefficient of thermal expansion oy
direction
8-21 ply failure, set internally
IPRTAL = , - detailed print option for optimization output
0 no print output
1 print output for design variables, and
constraint and objective functions, and
evaluation number.
note: many more control variables may be
~set, to obtain more detailed documen-
tation on the control variables
see [38].
& END
& IAESOP
EOF = .TRUE.,
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& END
This last card ends one complete set of data for a problem, if
more problems are run then a complete set of data for each would follow.
It may also be noted that the NAMELIST input for a design mode
problem will override the same input data given in the general data

section.

A flowchart (Fig. A.1) describing the basic program branching
will follow.
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MAIN
ANALYS DESIGN
(CONTROL) | (CONTROL)
b
INPUT| INPUT
ANALYS DESIGN
(COMPUTATION) (COMPUTATION)} |
| AESOP ]
(OPTIMIZATION)|
OUTPUT
MAIN

FIGURE Al. LAMAES FLOWCHART
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Example Input



58

RN

e RS

k NUMBER OF CASES
1§

-TEST PROBLEM TITANIUM e EE et INEseIIEIstEEIBEEERETEATS

SEEEE TS
o . [} 1 [} 1 i 1 o -t
0 T 1 ] 5 5 5
1 1 0 L] 13 1
2 8 100. -200.
+308 «2707 <9306 «250-5 «1310-4 21 -0052
18806 - -.36206 9104 ~+4505 -19205
1 Q. 1 Q.
«144D6 «144D6 «10204
CIAESOP
NFUNC=S5,
NALPHA=2,
ALPHA=100¢04,
IPRTAL=0,
NUMOPT=T,

METHOP=8¢592149311:7,13%0,
MAXJJI=300, :
NUMPS I=4,
ALPHI=100%90.,
ALPLO=100%-90.,
SIBAR=1.58,1.58,%.8,%.8,16%.8,
PS1WT=23910000.s
v FTOL=208.1,
TTOL=20%1,,
MAXCRP=S, )
1115934053127,
MAXRPT=100, .
CREPMN=100%1.,
DCREEP=100%1.4:
[PNAKL=0,
EEND.
ELAESE?
EOF=,TRUE. s
CEND

é8
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Example Output



seosnstesrotsasseserreeseTEST PROBLEM TITANIUN €2 208800000008 000500840 S0¢LES o8t S A0 sRtEIRLCERSRILNSetisRrttttnere

CESIGN OPTION

PLY ANGLES PERTURBED - NO STRENGTH CRITERIA

MATERIAL PROPERTIES CONSTRAINED
LONGI TUDINAL X MOOULUS
TRANSVERSE Y MOOULUDS
THERMAL EXPANSTON COEF X
THERMAL EXPANSION COEF Y

GENERAL COMPUTATION OPTRONS
" NUMBER OF LAYERS 2
NUMBER OF MATEREALS 1
TEMPERATURE CHANGE = AKBIENT TG OPERATING 109.
TEMPERATURE CHANGE - CURE TO AMBIENT -200.

ANALYSES LEVEL = LAMINATE 4 SYMMETRIC

FORCES 'AND MOMENTS GEVEN - MIDPLANE STRAINS AND CURVATURES CONPUTED

OUTPUT OPTIONS
LAMX= L
LAMY= ]
LANZ =)
I0UTA=
ouTa=
10UTC=
10UTO=

O mm O

¥8



S INITIAL REPORT
ALPHA VALUES :

0+00990 0.00000
FUNCTION VALUES .
18246, 3.0300 0.27000 2.5000 13.100 2.67407E 06
) sssd GALIN sss¢
METHOD = 8 OLG‘PHl =  0.6740TLE 06 NEW PHL = 0.1482B2€ 0S5 PERCENT GAIN =

MPHA = ~0.28056E G2-0.62959F 02
FUNCTN =

£
2 5 ¢ % 85853 E S ES S SO & s & s s ENDOF SEARCH 8

PHI AT STARY OF SEARCH = 0,87407iE 0s PHI AT END OF

S & 8 8 & & & X &E L EE T T LS E ST EESES TS SS

S 66 56 es s eSS Ee S & TR S ¢ e s ¢ ENDOGF SCARCH S

PHI AT STAKRY OF SEARCH = '0.298165E 05 PHl AT END OF

'.‘....“.....‘.‘l"..._.ﬁ....‘.‘....‘..

H S e S EE &GS S e s e x ENDOF SEARCH 2

PHI AT STARY OF SEARCH = 0.268291E 05 PHI AT END OF

€ ¢ 8 6 ¢ 5 S5 % 6855 EF S EEet eSS s T ECEHE TS ES S

P RS S e eSS S EEE &S E e s k¢ ENDOF SEARCH &

PHI AV STARY OF SEARCH = - D.SL58TIE 05 PHL AT END DF

€ E ® 58 €. 0 50 5860883 0 ST 0SS CEESEES S OSTE

0.22054F 04 0.91197€ 00 0.91197€ 00 0.35235E 01 0.35235€ d1 2.14828E 05

CYCLE K. ) 8 333

SEARCH = 0.148282E 05

s & % & TS E S E TS

CYCLE NO. 1 I8
SEARCH = (0.268291E 05

L0 I RS BN R K BN N R A

CYTLE N3. 13 J33
SEARCH = 0.268291E 05

* & % 8 3 S S S S

CYCLE NO. K EER

SEARCH = 0.513855€ 05

e ¢ 9 & s 00 e rE

.

-

97.80017 343 = 2
101 LI RN I B B B IR )
PERCENT GAIN = 97.8207

 $.F ¥ 5 S &8 TS

114 « % it e F &
PERCENT GAIN = 10.01926

® ® % & 5.8 & & & & 6 0% 2

13 3 " FES ES S
PERCENT GAIN = 0.00000

® & ¥ % & K & &S 5 ¥

138 * % 588 e s
PERCENT GAIN = 0.350712

* 5 8 & s PP E ST S S
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$ 6 6 % 5 %86 S8t E 6T s s T T eS¢ ENDOF SEARCH & CYCLE NO. 2 334 = 45 LRI B NN Y
PHI AT START OF SEARCH = 0.309066€ 07 PHL AT ENO OF SEARCH = Q.309066E 07 PERQENT GAIN = 0.,00000

8 5 6% T 93 e ESEEEE TS S S ST ET S EETE T & EEE S EE T TS KT ST S ESEETEE TS S SCS

‘FE®E L 58 85 e e U et e s ENDOF SEARCH 3

CYCLE NO. 2 334 =
PHI AT STARY OF SEARCH =

248 ¥ % &3 "¢ TR
0.617753€ 07 PHI AT END OF SEARCH =

0.617753€ 07 PERCENT GAIN = 2.00000
P 6 6T T & S LT ST S EEEST LT TS LT SE EEEEEETLEELTELEEETIEIEEETEIES LS SELEEEE

T 5 8 % 6 ¢ s ST E S ESES E TS S X C®x ENDOF SEARCH 1

CYCLE NO. 2 I =
PHI AT STARYT OF SEARCH =

292 sE s e e e
PHI AT END JF SEARCH =

J.123513€E.08

04123513€ 08 - PERCENT GAIN = 0.00002
$EPE KL E T E TS LSESE RS EE NS L TR EEEE LTSS ITEEET TN L O EE TS

wake GALN sees
METHQD = 7 LD PHI = 0.246937€ 08

NEW PHI =  0.2469B7E 08
ALPHA = —-0.17435E 02-0.73274E 02

PERCENT GAIN = 0.00000 JIJ = 296
FUNCTIN = 0.29101E 04 0.13695€ 01 0.13695E 01 0.35235€ 01 0.35235E Il J.24699E 08
ssss GAIN sess
METHOD = T OoLD PHL = 6.2669872 08 NEW PHI = 3,246987t 08 PERCENT GAIN = 0.00000 J3J = 297
ALPHA = -0.1T7485E 02-0.73269E 02
FUNCTN =  0.29101€ 0% 0.13695E 0L 0.13695€ Ot 0.35235E 01 0.35235€ 01 0.24695C 08
sesy GAIN esee
METHOD = 7 OLD PHL = 0.246987E 03 ‘NEH PHI = 0.246987E 08 PERCENT GalN = 000000 JJI = 298
ALPHA - = ~0.17485E 02-0.73269E 02

98



8% F e S S E NS sty e s e s s END OF SEARCH 3 CYCLE NO. i 433 = (L3 LA B B

PHL AT START OF SEARCH‘= 0.998328E GS PHE AT END OF SEARCH = = 2.998323E J5 PERCENF GAIN = PERLADA

S $ &6 2 55 % .0 5§ 5 6 &8 ST S 4 S S E S E & EEES S S ST L TSP E R EC S EE SR EEEESCEE LSS S S GES S

LS B0 B BN B PR 2 S EE L E ST L E TN ES S SO B END OF SEARCH 1 CYCLE NO. 1 JJI = 194 s & 8 8 5588

PHI AT START OF SEARCH = 0.196343E€ J6 PHI AT END OF SEARCH = (.196203€ 06 PERCENT GAIN = 0.07124

P %5 5 % 5% K% € € s & EF S S E S ST TS T E S T EE S E LR E L S E G S E L E S E S E T EE S EE TS LSS

SEGEPESEEIFIEIESRIEIETLIEIEINSERES R0 DAVIDON SEARCH FAILED TO GAINSEIS S5 S0 ERE 400 BIBSEEIPEIET 0083038

S 8 5 55 %% EF 5 E LT EET LSS S S S s ENDOF SEARCH 7 CYCLE NO. 1 J3).= 208 EEE 2R I BN BN AR B AN

PHI AT STARY OF SEARCH = 0.389590E 06 - PH1 AT END OF SEARCH =  0.389590E 26 . PERCENT GAIN = 0.92030
L esesss s rs e es 2 F T E T TS E ST EE S EEETE L EE TSI ST EEEEYLET S e

8 8 685 &8 ¢ % ¢ ¢ s s 58S s8¢t 3 s ENDOF SEARCH 8 LYCLE NOD. 2 KRN = 208 LI 2 B I B B e

PHI AT START QF SEARCH = O.fTOGZQE a6 PHL AT END OF SEARCH = L.389990E 06 PERCENT GAIN = 49.82253
$ 8 4.5 4468 & 685358 TFEESSEEEEES S EELSE

3 % &% 5 & %6 & &% S S E T S S S S S EE S S s sE

@88 ¢ 880 8¢S EE s v e ENDOF SEARCH 5 CYCLE NO. 2 343 = 226 LR A

PHI AT STARY OF SEARCH = 0.154851E Q7 PHI AT END OF SEARCH = 0.154722E 07 - PERCENT GAIN = 0.98298

$ S5 5 €S 3 S B 6 S 86 E T S8 S S 6% S &L S E S EE L E TS S EE S S S EE T EE S EEEE LSS EE EE ST

PSS S EET R OIS 0'016 * 8 &% ¢6 8 % ¢ s END OF SEARCH 2 CYCLE NO. 2

0

433 227 s e se e
PHl AT STARY OF SEARCH = 0,15§7ZZE orT PHI AT ENO OF SEARCH = 0.,1564722E 07 PERCENT GAIN = 0.33000
.5 5 8.5 8 5 585 % ¢ 8 9 &S S S S E S S S S e EL S

[EE BRI R 2 I N 20 B B R BN B I T BT NN SN N S TR I SRR I S

L8



eses GAIN ¢oss

METHOD = 7 OLO PHI = J.246937¢ 03 NEW PHI = 0.246987¢ 38 PERCENT GAIN = $.00230 43 = 299
ALPHA = -0.174BSE 02-0.73269€ 02
FUMCTN = 0.29101€ 04 0.1369SE OL 0.13695E 01 0.35235€ 01 0.35235€ 01 0.24699€ 09
2998 G‘l" ssee
METHOD = 7 OLD PHI = 0.2646987€ 08 NEW PHI = 0.246987€ 08 PERCENT GAIN = 2.00000 340 = 300
ALPHA - = -0.LT485E 02-2.73269€ 02 .
FUNCTN = 0.29101€ 04 0.13695€ 01 0.13695€ 01 0.35235E CL 0.35235E 01 0.24699E 08
sees GAIN #ess
METHGD. = 7 QLD PHL = .0.246987€ 08 NEw PHI = 0.246987E 08 PEACENT GAIN = 0.00300 333 = 301
ALPMA 3 —0.17485€ 02-0.73269€ 02
FUNCIN = 0.29101E 04 0.13695 OI 0.13695€ Ol 0.35235E OL 0.35235€ J1 0.26699E I8
FINAL REPORT 338 = 301
ALPHA VALUES

=1T.485 -73.269
FUNCTION VALUES

2910.1 1.3695 1.3695 3.5235 3.5235 0.24699€ 08
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SIS IIEIRINSRTEIIENYS 000X EST PRODLEM TITANTUM €0 100000000 000800008000n0t00teasectscrtsosstiscicscsivesrtttssestnsseesrsosersvrevsd

'DESIGN URTION

PLY ANGLES PERTURIED ~ HO SYRENGTH CRITERIA

MATERTAL PROPERTIES CONSTRAINED
CONGITUD INAL - X "4O0ULUS
TRANSVERSE ¥ NOOULUS
THERMAL EXPANSION COEF X
THERMAL EXPANSION COEF Y

GENERAL COMPUTATIGN GPTISNS
NUMBER OF LAYERS 8
‘NUMBER OF MATERIALS 1
TEMPERATURE CHANGE - ANBIENT 1O QPERATING 100.
TEMPERATURE CHANGE - CURE TO AMBIENT -200.
ANALYSIS LEVEL - LEMINATE , SYNNETRIC

NUMBER OF FAYERS INPUT ~ DOUBLED

FORCES AND MOMENTS GIVEN — MIOPLANE STRAINS AND CURVATURES COMPUTED

JUTPUT. OPTIONS

: LAMX= 1
LAMY= L
LAMZ= )
10UTA=
10UTB=
10uUTCs
10UTD=
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cur
»

LAVER . MATERIAL UAVER

NUSBER NUNBER OREINTATION:
b | 1 -11.
2 1 7.
3 1 ~13,
Y RS 13.
L] 1 3.
. 1 ~73.
14 3 17.
s i -17.
MATERIAL PROPERTIES
MATERIAL & LONSETUOTS AL TRANSVERSE SHEAR POISSUN RATID POISSON RATIO  THERMAL ExXP THERMAL EXP
NUMBER 400ULuS 400ULYS MDDULUS LONG — TRAN TRAN - LCNG - COEF - LONG  COEF - TRAN

1 . 0.39330 38 027000 07 0.93300 06 0.21000 00 0.18%3D0-01 0.25000-05 0.13100-04

LONGITUDI%AL ULCONGITUDINAL TRANSVERSE TRANSVERSE
HATER TENSICN CC4PRESSION FTENSION COMPRESS ION SHEAR
NUMBER STRENDTH STRENGTH STRENGTH STRENGTH . STRENGTH

1 6.18809 6 ~3.36220 Q6 9.91230 04 ~J.453060 05 0.+19200 35

THICKNESS

Je52003=02

06

;
;
i
;
;

H
3
{
I
!




LAVER .
NUMBER

s

® w @ ® & W N

LARINATE COEFFICIENTY OF THERMAL EXPANSION - XoYeZ OIRECTION

ALPHA X

0.34061010-35

0.360613[0-05‘

0.12193930-354
0.1219390-06
0.12193930-9%
0.12193900-04
0.34061012-25
0.34061010-05

ALPHA X

- 0435235330-05

LONGITUDINAL
X MODULUS

|0.13690 08

FGRCE X

2.L1912342 s

STRAIY X

0.16857150-32

TRANSVERSE
Y M390LUS

0.1365D 08

FORCE Y

0.1191044D 2%

STRAIN ¥

0.16857150-22

"SHEAR

ALPHA Y
0.12193900-04
0.12193900-04
0.34061010-05
o.3~oatofo-os
0.3406101D-05
0.34061010~05
0.12193900-3¢%
0.12193930-04

MPHA Y

0435235330-05

COMPUTED LAMINATE ENGINTCERING CONSTANTS

FOVAL LAMINATE FJIRCES AND DISPLACEMENTS

FORCE XY

STRALN XY

0.19200000 04

Ue78671210-02

LAMINA COETFICIENT OF THERMAL EXPANSLION. ~ X,¥.l OIRECYION

ALPHA XY
0.59274450-05
~0.59274450-05
0.59274450-05
~0.59274450-05
=0.59274450-05
0.5927&650-05
~0.59274450-05
0.59274450-05

ALPHA XY

0.03000000 00

POISSON XY PJTSSON ¥X
XY HODULUS RATIC RAT IO
J.31170 07 0.19370 Q0 0.19370 o0

MUMENT - X

0.09302000 20 900020000 0C

CURVATURE X

. 0400000090 Q0 J.00003000 20

CROSS COEF
X - XY

0.00000 00

MOMENT XY

0.03330230 00

CURVATYURE XY

2.000005200 D0

CROSS COEF
Y - XY

9.00300% 03

L6



AAYER.
MUMIER

t

@ WM W

LAYER
WIMBER

G~ W s W N

SlGﬂA %
0.18312770

0.kLL31562

0.89235550

0.13205930

0.18204G30
0.892355650
0.11131560

0.18312770

S1G4a 'L
~0.49911900
0.1250076D
-0.4991190D
0.1250076D
0,12530750
~0.49911900
0.12500762

-0+49911930

0s

Q2

[ )
06
J4
a6
g6
3%
26

Q4%

SIGMA ¥
0.89235650 04
0.1820%4030 05
0.18312770 02
0.11131560 06
0.11i3156D 06
0-183l¢7i0 02
0.18204030 05

0.8923565D 04

SIGHA 2

0.13933071D 05
0.45121010 04
0.13933070 05
2445121010 0%
0.4512101D. 0%
0.13933070 05
0.45121010° 0%

0.13933070 05

T rOTAL LAMINA STRESSES AND STRATINS - X ¥,1 DIRECTION

FAU xyY
J+ 123819760
0.3871870D
0.10319760
038718700
0.38718700
0.1031976D
0.38718700

0.13319760

TOTAL LAMINA STRESSES AND SERAINS - l.t.§ DIRECTION

TAU t2
0.60655890
0.60655890

-0.63655890
-0.6065589D
=0.60655890
~0. 60655890
0.60655890

0.60655390

05
05

05
05
05

a5

0%
04
04
04
0%
0%
04

04

EPSILON X
0.2366935D02
023656935002
0.41264950-02
0.41244950-02
0.4124%95D-02
0.41244950-02
0.2366935D-02

0.23659350-02

#

EPSILON L
~0.13994%490-0%
0.43853340-02
-0.1390449D-04
'0.43853340~02
0.4385334D-02
~0.13934490-04%
0.4385334D-02

-0.1392449D-C4%

EPSILON Y
Je%l244950-02
0.41244950-02
0.23669350-32
0.23663350-02
0.23669350-02
9.23669350-92
0.412464950-02

Qee1244550-02

EPSILON 2
U.6505334D-u2
0.21060960-02
0.65053240-02
0.2106096D-02
0.21660950-02
3.65053340~-02
0.21060960-02

0.65053340-02

GAMMA XY
0.90526130~02
0.66916320-02
0.93526100-02
0.66816320-02
0.66316320~C2
0.93526100-02
0.06816320-02

0.9052613C~02

GaNMA 12
0.65221390-02
0.05221390-02
~2.65221390-02
~0.65221390~-02
=-0.65221390-02
~J.65221390-02

0.65221390-732

0.65221390=02

6



STRAIN ENERGY =  0.2913129E€ 04

STRENGTH CRITERIA

LAYER PLY FAILURE
NUMBER OCCURS . 1IF DL

v 2+44481
0.17183
2.449481
0. 77183
0.77183
2.44481

C.TT183

» «w 0w P W N

2.4%481

€6



- APPENDIX TABLE A.3 LAMAES LISTING

A list of the program is available on request from either author.
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