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FOREWORD
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Project 1467, "Structural Analysis Methods", Task No. 146702,
“Structural Analysis Methods for Aerospace Vehicles", and Work Unit
14670246, "Automated Design of Advanced Aerospace Structures". The
work was carried out in the Design and Analysis Methods Group of the
Analysis and Optimization Branch (FBR), Structural Mechanics Division,
Air Force Flight Dynamics Laboratory (AFFDL), Wright-Patterson AFB,
Ohio. -

The time period of the effort was June 1975 - June 1976.

The manuscript was released in August 1976.
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SECTION 1
INTRODUCTION

During the last few years the design concept of aeroelastic tailoring
aircraft wing structures has gained considerable interest. The basic
idea of this concept is to control the anisotropic properties of the wing
structure so that the wing will have deformation characteristics under
load such as twist and camber which provide beneficial aerodynamic per-
formance while also satisfying strength and flutter requirements. The
elastic properties of the composite laminate can be defined by a suitable
selection of the number of layers, the fiber direction in each layer and
the number of plies in the layer having the same fiber orientations. In
this report, it is assumed that the twist of the 1ifting surface is of
primary importance and the structure is to be designed for a specific
value of the twist between two points on a chord and satisfy the
strength requirements.

Methods developed on the basis of optimality criteria are found to
be efficient and have received wide attention in recent years. An over-
all review of these methods is given in References 1 and 2. The objective
in optimization of layered composites treated in this report is to tind
the thickness of each layer in the composite elements such that the
designed structure satisfies the strength criteria in all the elements
and achieves the specified displacement pattern as well. The problem
of designing a wing type structure with specified twist and displacements
is discussed in Reference 3. In this reference, the twist is specified
in terms of two unequal displacement constraints at two points on a chord
in the structure and the problem is treated as a multiple displacement
constraint problem. In the method of Reference 3, the twist constraint
could not be separated from the displacement constraints. In the
approach discussed in this report, however, the rvestriction of specifying
the displacements is removed and one can specify the required rotation

of a line between any two points on a chord.

The planform of a wing structure is shown in Figure 1. A and B are

points on the trailing and leading edge respectively, at the tip of the

]
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wing. In Figure 2, AB is the undeflected position of the tip of the
wing. In Figure 2(a), A] B, is the deflected position of the tip for

the conventional design. The conventional design is defined as a design
that satisfies the stress constraints only and has no specific deflection
or twist requirement. In the conventional design the apparent center of
rotation C] is in front of the leading edge and the tip rotates through
G] ('wash out' condition). Two twist requirements may be defined either
(1) to increase the conventional design's wash out twist as shown in
Figure 2(b) so that 0, > 0q0r (2) to reverse the direction of the
conventional design's twist as shown in Figure 2(c). The second require-
ment corresponds to the 'wash <in' condition. In the first case, the
apparent center of rotation moves towards the wing point B, and in the
second case the center of rotation moves in back of the trailing edge.

In subsequent sections for the convenience of discussion, the 'wash out'
and 'wash in' conditions will be referred to as negative twist and
positive twist respectively.

In this report, the application of the optimality criteria method

is illustrated for the above twist conditions by designing a wing structure.
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SECTION II
OPTIMILITY CRITERIA AND RECURRENCE RELATION

The structure is discretized into m finite elements where each
element contains n subelements corresponding to the number of layers and

each Tayer consists of a number of plies with the same fiber orientation.

The relation between the applied Toad vector { R} and the displacement
vector { r} can be written as

(KIl{r} = {R} (1)

where [K] is the stiffness matrix of the total structure. The nodal
displacements {r}i of the ith element and the nodal forces { f}ij of the
Jjth layer of the ith element are related by

[k]ij {r}i = {f}ij (2)

where [k]ij is the stiffness matrix of the jth layer of the ith element.
The ith element strains {L}i are related to the nodal displacements by

ighy = IeliE), 3)

where [c] represents the matrix of strains in the ith element for a
unit displacement vector. The stress strain relation for the jth layer
of the ith element is

[o1y4 = (D1 (e}, o

where [D] is the matrix of elastic constants and [0].. are the stresses

iJ
in the jth layer of the ith element.

The total weight of the structure is given by
m
W= 2 5
i=1 j

(5

nt4s

}.‘.A
1 B3]

where Pij is the density, Aij is the thickness of the jth layer of the

ith element, and Qi is the area of the ith element.
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Let the prescribed twist between two points in a structure be

denoted by ¢. Then the constraint equation can be written as

“t"t".\“"t-‘-=0 {6)

where r-t represents the transpose of the displacement vector and /S
represents the virtual load vector. The latter vector consists of forces
corresponding to a unit couple applied between the two points where the
twist is specitied. Using Equations 5 and 6, the Lagrangian—F- can be

written as
| U e ;
i & B B+ AR 183 - 2] = 0 ()

where ' is the Lagrange multiplier. Differentiating Equation 7 with
respect to the design variables Afi gives the necessary conditions for

an optimum.

p 2 | ~.i}.-.-1 t o) =
%R ‘[n\,, )" {81] = 0 (8)
R A |
i I,
"'ij ’1'. + g ’I‘"_\'" tr; (K]{'ﬁ = ) (9)
i)
1L

i = 1,2, e R
i = 152, i T 1

where | s} is the displacement vector corresponding to the virtual load

vector { Si.

Differentiating Equation 1 with respect to the design variable Ai' gives

R fr) 4[]
y 1 M - f= as
u\i] ”\‘-, ) = 0 (’(\)

|

Multiplying Fquation 10 by [KJ_I and rearranging gives

9 ot _ s =
A ri = “{ T} A ]{h] {(11)
] SN

Substituting Equation 11 in Equation 9 gives




|
l
1
f
|
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For the case of a constant strain membrane element, [k]].j is proportional

to Aij’ thus
R i
&, T 3 lEy, i
ij ij )
Hence, Equation 12 can be written as
&
(el il SRy
LI e Sk Sl SR
ij 1 - A, . (14)

where {S}i are the nodal displacements of the ith element due to the
virtual load vector { S}. Hence, the optimality condition for the twist
constraint problem is

{r' 1K, {s), _
b e (15)
A, B,
Bl g e
or
C‘.i.
1= E,,l i
‘ij (16)
=12 - - m
A5 = 1’2'1 o e
where ¢
. < {
Hi “]i' %}‘ ‘
ot & ea S Seae (17)
7 3 &

e, is the virtual strain energy density of the jth layver of the ith
J

element .

The optimality condition will now be used tc derive a recurrence

relation.

The design variable Aii can be written as

158)
A = (18
rii V]]
where ) is a constant scaling parameter and S g is the normalized
)
relative design vector. In the case of an isotropic element, j 1 and

o

T

é
|
|
i
:4
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Ail represents either the thickness of a plate element or the cross-
sectional area of a bar element.

Introducing Equation 18 in Equation 1 yields
[K'] {r'} = {R} (19)

where [K'] is the stiffness matrix for the total structure obtained by
using the normalized relatives sizes Oy of the elements and

{r'} = A {r} (20)

At the element level, the relations between the actual quantities
and the relative quantities are
Al —
{r }i = A {r}i
(21)

{s'}, = & {3},
i i

[k

where the prime denotes the relative quantities. Similarly, the relation

A [k‘]ij

between the relative stresses and the actual stresses in an element can

be written as

where the relative stresses {Ol}ij are obtained by using the relative

displacements {r'}i.

From Equation 22 it is seen that the actual stress in the element can
be modified to satisfy the selected strength criteria by selecting a
suitable value of the scaling parameter A.

Introducing Equation 21 in Equation 16, the optimality criteria
can be written as
xe'. .
Y kit {
Pyj i

non
o

g == = (2})
1, = ==n
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where e'ij is obtained from Equation 17 by replacing all the actual
quantities by their relative values. Multiplying Equation 23 by A2 afj

and taking the square root of the resulting equation yields
1/2
e'

) =B A}
(OtiJ ) aij pij (24)

where B is a constant. Equation‘24 can be written in an iterative form as

o 1/2
(g, My = B Gagp) [ €45 (25)
pij ;

where v+1 and v refer to the iteration number. Since, the design
variables are expressed as normalized relative variables, it is not
necessary to evaluate the constant B in Equation 25 explicitly.
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SECTION III
DESIGN PROCEDURE

A computer program based on the finite element method to design a
minimum weight structure with a specified twist constraint was written
incorporating Equation 25. Four types of elements are included in the
program: (1) constant strain triangles, (2) quadrilaterals constructed
from four constant strain triangles, (3) shear panels, and (4) bars.

The elements are defined by the node numbers as shown in Figure 3. The
triangles and quadrilaterals may be layered composite elements with
specified fiber directions. The choice of the number of layers and the
fiber orientation is arbitrary. The designer can select any appropriate
number of layers and any fiber orientation in each layer.

The basic steps involved in the iterative procedure are: (1) analyze
the structure using the relative design vector and find the nodal displace-
ments and the element stresses, (2) find the scaling parameters which
satisfy the strength criteria for all elements and the twist constraint,
(3) modify the relative design vector by using Equation Z5. These
basic steps are repeated for a specified number of iterations. The weight
of the structure, which is a good indication of the convergence of the
iterative procedure, is evaluated during each iteration.

The two scaling parameters are /\S for satisfying the strength
criteria and Ad for satisfying the twist constraint. The design with
= A a

Aij = Ms%ij
Since the scaling parameter is the same for all the elements, for some

will satisfy the strength criteria for all the elements.

elements the strength criteria will be oversatisfied. The design with

Aij - Ad"ij will satisfy the twist constraint. If Ad :vAs then the design
will satisfy the twist constraint and the strength criteria. However, if
Ad < AS, then the design with the scaling parameter Ad will violate the
strength criteria in certain elements. Since the objective here is to
satisfy the twist constraint and the strength criteria, the acceptable
designs are those where Ad > A
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A design can be scaled to achieve the specified twist only if the
structure is twisting in the same direction as the direction of the

specified twist. For example, if the unscaled design is twisting in a
negative direction, as in Figure 2(b), then the design cannot be scaled

to achieve a positive twist. Similarly, the design cannot be scaled to
achieve a zero twist, (ie. the two points A and B in Figure 2 moving

equal distances after the structure deforms). However, a structure can

be designed for zero twist by interpolating between the two designs which
twist in the positive and negative directions during consecutive iterations.

The twist is defined as the angle between any two lines each con-
necting the same two points in a structure before and after deformation.
Since the line connecting the two points in a structure moves in a three
dimensional space, the correct scaling parameter can be found only by
numerical iterations. Direct scaling, as defined by Equation 21 for
displacements, can be used only if the line moves parallel to one of the
coordinate planes during deformation.

In scaling the designs, one of two procedures is followed depending
on the direction of the specified twist constraint. If the wing is to
be designed for positive twist, i.e., wash in condition, Ad is first
calculated for the relative design vector obtained by using Equation 25.
Then, based on Ad, the relative sizes of the passive elements are changed
so that the stresses in these elements satisfy the strength criteria
identically. The passive elements include those with negative virtual
strain energy in the last iteration and also those which violate the
strength criteria with Ad as the scaling parameter. The elements with
negative virtual strain energy cannot be modified by using Equation 25.
They can be resized by selecting their relative thickness such that the
stresses in these elements satisfy the strength criteria identically.
After this modification, the structure is reanalyzed, a new g is calcu- ;
lated and the passive members are remodified. This process of correcting
Ad and modifying the passive members is continued for a specified number
of cycles or until the difference between the previously calculated Ad l
and the new Ad is smaller than a prescribed value. In the present compu-

ter program a maximum of three cycles is allowed for the adjustment of
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the sizes of the passive elements. After three cycles, the sizes of all
elements with positive virtual strain energy are changed by using
Equation 25 and the sizes of all elements with negative virtual strain
energy are modified based on their stresses from the last iteration.

In the second procedure where the wing is to be designed for negative
twist, i.e. wash out condition, /\S is first calculated. In determining
this value, those elements with negative virtual strain energy, the
shear panels and the bars are not taken into consideration. Then based
on As, the elements with negative virtual strain energy and the elements
which violate the strength criteria are modified so that they satisfy
the strength criteria identically. The process of modifying the passive
members is done three times. The scaling parameter Ad is then calculated
to satisfy the specific twist constraint. It has been found that the
number of cycles required to modify the passive members decreases as the
design approaches the minimum weight design.

10
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SECTION IV
ILLUSTRATIVE EXAMPLE

In order to illustrate an application of the proposed method, a
wing structure is designed for (1) stress constraint, (2) negative twist
constraint (wash out condition) and (3) positive twist constraint (wash
in condition). The structure is designed with stress constraint only in
order to establish the magnitude and direction of the twist of the tip
of the wing for the conventional design.

The finite element model of the wing structure is shown in Figure 4.
The nodes of the bottom skin have odd numbers. The structural model
has 88 nodes and 158 members. The top and bottom skins are idealized by
membrane quadrilaterals and triangles. The spars and ribs are idealized
by shear panels and posts. The element numbers and the node numbers
defining the elements are given in Table 1. The convention used to
define the elements is given in Figure 3. The structure is subjected
to a single loading condition as given in Table 2. The coordinates of
the node numbers are also given in this table.

The skin elements consist of four layers with fibers in the 0°,
90°, +45° and -45° directions. The number of +45° and -45° plies may not
be equal. The 0° fibers are parallel to the direction of the middle
spar as defined by connecting nodes 4 and 84 in the top skin or 3 and 83
in the bottom skin. The elastic constants and the allowable strengths for
graphite epoxy and aluminum are given in Table 3. The shear panels and
posts are aluminum. The maximum stress criteria are used to size the
membrane elements. However, only the stresses in the fiber direction
and the shear stresses in each layer are checked against the maximum
allowables. For the starting design the relative sizes of the bar
elements are 1.0 and the thicknesses of the plate element are 0.1. The
membrane element for the starting design are assumed to have an equal
percentage of plies in the four fiber directions.

11
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1. STRESS CONSTRAINT PROBLEM (CONVENTIONAL DESIGN)

The structure is designed by using the recurrence relation given in
Reference 3. This recurrence relation is similar to Equation 25, except
that the relative virtual strain energy term elij is replaced by the
relative strain energy due to the applied set of loads.

The iteration history for the stress constraint problem is given in
Table 4. The initial weight of the structure with an equal percentage
of plies in the four fiber directions in the membrane elements is 312.84 1bs.
The least weight design of 45.45 1bs is obtained in the 14th iteration.
The sizes of the elements corresponding to the minimum weight design
are given in Tables 5 and 6. In these tables the quantities represent
the thicknesses for the plate elements and the cross-sectional areas for
the bar elements. Figure 5 shows the distribution of the number of
plies in the four fiber directions. The number of plies is obtained
by dividing the thickness of the layer by the thickness of a single
ply and rounding it to the next higher number. The deflections for the
final stress constraint design at nodes 7 and 9 at the tip of the wing
are given in Table 7. The tip twists through an angle -5.458°. This
is the angle between the lines joining nodes 9 and 7 before and after
loading.

2.  TWIST CONSTRAINT PROBLEMS

The wing structure is designed for two twist constraint conditions.
The purpose of the two examples is to show the application of the twist
constraint algorithm (Equation 25) in designing a structure with positive
or negative twist. The two angles selected for the twist constraint
problems are -7° (wash out) and +2° (wash in). For the twist constraint
problem, recall that there are two scaling parameters AS and Ad. The
designs corresponding to /\S and Ad will be referred to as 'stress design'
and 'twist design' respectively. In the stress design, the stresses in
all the elements are less than or equal to the maximum allowable stress
and in the twist design, the twist of the tip of the wing is equal to
the prescribed value.
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The iteration history for the negative twist constraint problem is
given in Table 8. For the first three iterations Ad < As’ hence the
weights corresponding to the stress design are larger than the twist
design. The weight of the structure is directly proportional to the
scaling parameter. The absolute value of the twist of the tip of the
wing for the stress design is less than 7° for the first three iterations.
After the fourth iteration Ay > AS and thus the weight of the twist
design is greater than the stress design. For these iterations the twist
design has the tip rotation of -7° and the stresses in the elements dre
less than the maximum allowables. The least weight design of 71.86 1bs is
obtained at the 11th iteration. The weights for the stress design and
the twist design are plotted for each iteration in Figure 6. This
figure shows that after the fourth iteration, there is no significant
difference in the weight of the structure satisfying the twist constraint.
The design has reached a stable position in the design space. The
displacements at nodes 7 and 9 for the least weight design are given in
Table 9. The thicknesses and cross-sectional areas of members for the

minimum weight design are given in Tables 10 and 11. The distribution f
of the number of plies in the four fiber directions for the minimum
weight design is given in Figure 7.

For the positive twist constraint of +2° (wash in), the iteration
history is given in Table 12. The twist of the tip for the initial
design is negative, and this design cannot be scaled to achieve +2°
twist. From the 2nd to the 8th iteration the twist of the stress design
increases with each iteration until it reaches +2°. In subsequent
iterations for nearly a1l cases, the twist designs are acceptable designs

since Ad > AS. The weight of the structure versus the iteration numbers
is plotted in Figure 8. Figure 8 shows that the weight of the structure
oscillates and the design does not reach a stable position in the design
space. For the twenty-one iterations, the least weight design is

obtained in the last iteration. The displacements at nodes 7 and 9 for

this design are given in Table 13. Tables 14 and 15 contain the
details of the design. The number of plies in the top and bottom skin

is given in Figure 9.

13 ‘
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SECTION V
CONCLUSION

It has been demonstrated that an algorithm based on optimality
criteria can be used to design a minimum weight wing structure with
specific negative (wash out) or positive (wash in) twist. The design
satisfies the twist constraint and specific strength criteria in each
element.

Future work in this area will be devoted to developing a method
to design a wing type structure with specified twist at more than one
location. Further work is also needed to develop a program to design
a wing structure for twist, strength, and stiffness for flutter and
divergence requirements.

14
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Figure 1. Planform of Wing
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TABLE 1

ELEMENT CONNECTIONS*

MIVLOOMMUNAMU N AU oMU S SN S OUIN A MUNNS A#VUON T O0 T 00 O MMNMNIIIMDI MO S P N AP
Lok ol OF- o HrHAANUAUNIMIMMM T 3.3 30D D WLOONSNISH0UM $UN DN 10U 2D LR Ly 10O X

NORI O I O0OMNIOT A TOTN TEOTOOC ITOCM TN TOT HOODMN O™ TIIFITIIITITTTOY & O
EaK- o ol oF 2] HAHAAUNAUNMMMM T T T I NDNOCOONENAANUM IINON AN FINONT D 20 O 0

IO NN ITEOON TOC OO T 0NN T 0PN POOMNTOON T NMOOAOOON S TI T ITIIYTTDLODYDOT
AR HHAFHNNNNMMIMM T TUNNNOOOONNAN MM FIINOMs HAUM I N0 @O0 30O

MINOAAMNO M T AMN N AMIN T 1AM D AM N AMIN O AMIN OO DO O MM MM MMMMA RN NN AN
o HAEAANAMNUNNNMOMMM I T T ITULULLNDOOLCONMAMN AUUMINOY AN JUDON A I IO

Element

No.

HAUMINOMNDT T ANUM TNDONC IO AMM FLOMNDT AH UM TOONT DO UM TN ORNC D Al OMm I LN
DVOOOLOOOONNNNANMANAANNODCRDOCDTCODNCOCNCT OO TOCIOL IO CICT v v v vl v vd v v vt
R ke b e B B B R e R R e R e P R ke L

DM ITVLOOHAUIMIU DO CHIIMINL OO ANMINWOOANM I OTOoOAAMIN VO CANMINWT O
THA A AA A SOOI NI OI NI OUM MM IMNIMGNID 3 3 23 T3 T ILIDINLONINDLICW OWOLCWONNSNNNANNNTC O

HOIM FINON AN FIDOR € O IN S INON € AN 2INOR & AHOIM FIDWOR @ {0 I IO O 2 IO T 0V 3
HHEAAAAHA AN NNINAMMMOMMIMMM T TSI T T TIEONNNNINNOCECCOOOCONNNNNNNN O ©

TOMINONDOANM TN OO UM FINON T HAUIM FIODON DANM FINON O =HAIM FIOON OO T INOA DI 3
-~ ArHA A AA S AMNAUNNNNNNMMOMMHMIMIMIM F 3T 53 32 300NN OVOOOOODOONNNN

HOAHAUM FNOTOAUMINOTOANM INODOOANMINOVOOANMINOOOANM INOVINOAMM IN OO DN
HAAAAAAAASNUANNNNANNAMMMMMMMMMIIIITI IIOEODONDNNOCOOOOOONNSN

Element

No.

HOAUM FNOMNOOOAHAUM TN OAROT UM TN OMNO T OHAMUMINONCO DM INCNCOOHAMINCN DT o
Hr A S HAHH NN NNNNNAMMMIMIMMIMMOMM T3S T TS TN NN NN O

*See Figures 3 and 4

Elements 120-158 are posts connecting the top and bottom nodes.

For example, element 120 connects nodes 1 and 2 and element 158

connects nodes 77 and 78.
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TABLE 2

COORDINATES OF NODES AND APPLIED LOADS

Z

C -

FORC

OOTOMAOCEHIIOMNOMODONIODOOLOONUODNIMDOT MM IINOIMIICTO YIDO
L LUOOCOOOUCCOOIOC.CNC U OCOOMMO O O QG0 QO QLG O ¢t
OO OAOTO DD QIO CLOOO O OO WIDNINDLUCDLMOIOOOLO
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TABLE 2 (Concluded)
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TABLE 3

PROPERTIES AND ALLOWABLE STRESSES

MATERIAL
Properties Graphite Epoxy ATuminum
Eyp (psi) 18.5 x 10° 10.5 x 10°
E,, (psi) 1.6 x 10° 10.5 x 10°
Poisson's Ratio 0.25 0.3
Shear Modulus (psi) 0.65 x 10° 4.038 x 10°
Specific Weight 0.055 0.1
(1bs/in3)
Lamina Thickness(in) 0.0052 —
Allowable Stresses (Ksi)

Fx (tension) 139.0 45.0
Fo (compression) 86.0 45.0
Fy (tension) — 45.0
Fy (compression) e 45.0
ny 46.8 25.9
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TABLE 4

ITERATIVE HISTORY FOR THE STRESS CONSTRAINT PROBLEM

Iteration No.

Weight (1bs)

Iteration No.

Weight (1bs)

1

2

312.84
112.18
68.37
59.89
55.78
47.16
45.63

45.75

9

10

162!

12

13

14

45.71
45.59
45.49
45.49
45.51
45.45

45,45
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TABLE 5

ELEMENT AND LAYER THICKNESSES FOR THE
MINTMI™ WEIGHT STRESS CONSTRATYNT DESIGN

~N

o]

Thickness (in.)

Element No. Total 0 90° -45° +45°
¥ L0418 .0104 .0104 .0106 .0104
2 .0418 .0104 .0104 .0106 .0104
3 .0484 .0108 .0108 .0159 .0108
4 L0420 .0104 .0104 .0108 .0104
S5 .0N419 .0107 .0104 L0104 L0104
6 0419 .0107 .0104 L0104 L0104
7 L0643 .0189 L0104 L0246 L0104
8 L0477 L0117 .0104 +0152 .0104
9 L0420 .0108 .0104 .0104 .0104

10 L0470 .0108 .0104 L0104 .0104
3 1 L0430 .0118 .0104 .0104 .0104
12 L0419 .0107 0104 L0104 .0104
13 .0563 «0253 L0104 .0104 L0104
14 .0425 .0113 .0104 .0104 .0104
15 .0548 .0216 0104 .0124 .0104
16 L0426 L0114 L0104 .0104 .0104
17 .0423 <0111 L0104 .0104 .0104
18 0421 .0109 0104 0104 .0104
19 .0723 .0387 +OLL2 .0112 0112
2 L0465 L0153 0104 L0104 .0104
21 L0697 .0385 L0104 L0104 L0104
22 .0507 L0195 L0104 L0104 .0104
23 L0765 L0419 .0106 .0135 .0106
24 .0576 0247 .0110 .0110 .0110
25 0426 .0114 .0104 .0104 .0104
26 0422 SOEED L0104 .0104 L0104
27 0974 .0628 «8115 <OLLS «0115
28 .0598 .0285 .0104 .0104 L0104
29 «097L .0659 L0104 L0104 L0104
30 L0641 .0329 L0104 L0104 .0104
31 .0908 .0566 L0104 L0135 .0104
2 .0719 .0386 L s0112 <0111
33 .0426 0114 .0104 L0104 L0104
34 .0422 L0110 L0104 L0104 0104
35 . 1180 .0831 JUELD 0116 .0116
36 Q725 L0409 JOLOS .0105 .0105
37 .1320 .0978 L0106 L0106 <0130
38 .0806 L0494 L0104 L0104 L0104
39 . 1040 .0716 L0104 L0117 L0104
40 .0829 .0508 .0107 L0107 L0107
41 .0425 <0113 L0104 L0104 L0104
42 .0422 .0110 0104 L0104 0104
43 « 1340 .0987 .0118 L0118 .0118
44 .0822 .0503 L0106 L0106 0106
45 { «1710 L1260 L0106 L0106 L0236

———
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TABLE 5 {Concluded)

Thickness (in.)

Element No. Total 67 90° —45° +45°
46 .0999 L0665 .0104 .0104 .0126
47 .1390 .1078 .0104 .0104 L0104
48 .1010 .0697 .0104 .0104 .0104
49 0424 012 .0104 L0104 .0104
50 0422 .0110 .0104 .0104 .0104
51 .1360 « LON7 <ORLS L0115 +0115
52 08955 0537 .0106 .0106 .0106
53 .2100 <1431 .0107 .0107 L0456
54 1230 .0774 .0104 L0104 .0249
55 .181C .1498 .0104 L0104 .0104
56 .1270 .0958 .0104 .0104 L0104
57 L0421 .0109 L0104 0104 .0104
58 0421 .0109 .0104 .0104 .0104
59 «1.580 1192 .0109 .0109 .0170
60 .0969 .0655 .0105 .0105 L0105
61 .2300 L1645 .0107 .0107 L0441
62 .1360 .0907 .0104 L0104 .0245
63 «2510 .1828 .0104 .0104 0474
64 .1690 S8 G .0104 .0104 <0307
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1—“‘

TABLE 6

SHEAR PANEL AND BAR DIMENSIONS FOR THE
MINIMUM WEIGHT STRESS CONSTRAINT DESIGN

Shear Panels Shear Panels
Element No. Thickness (in.) Element No. Thickness (in.)

65~104 .0416 112 L0416
105 .0446 113 .0515
106 .0658 114 .0570
107 .0827 115 .0637
108 .0900 116 L0772
109 .0926 117 .0973
110 .0992 118 .1210
TET .1090 119 .1390

Bars

Element No. Area (inz)
120-158 .0416
TABLE 7
DEFLECTIONS AT TIP FOR THE
MINIMUM WEIGHT STRESS CONSTRAINT DESIGN
Node 7 (trailing edge) Node 9 (leading edge)
Direction (in) Di
rection (in) Twist (deg.)
X X Z X Y 7
-.0565 -.1961 13.4306 -.0435 -.1632 10.6296 ~5.458
30
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TABLE 8

ITERATIVE HISTORY FOR THE TWIST CONSTRAINT PROBLEM (WASH OUT -7°)

Cycle Weight (1bs.) Twist (deg.)

No. Stress Design Twist Design Stress Design Twist Design
1 309. 34 82.70 -1.879 -7.000
2 213.96 153.70 -5.040 -7.000
3 76.61 46.31 -4.244 -7.000
4 58.72 12122 -8.589 -7.000
5 63.49 73.87 -8.130 ~7.000
6 63.89 76.83 -8.400 ~7.000
7 63.78 72.70 -7.967 ~7.000
8 63.71 76.82 -8.421 ~7.000
9 62.95 72.93 -8.097 ~7.000

10 64.56 76.51 -8.280 ~7.000

11 64.28 71.86 -7.815 ~7.000

12 63.40 76.07 -8.381 ~7.000

13 63.53 72.35 -7.959 ~7.000

TABLE §
DEFLECTIONS AT TIP FOR THE MINIMUM WEIGHT
TWIST CONSTRAINT DESIGN (WASH OUT 7°)
Node 7 (trailing edge) Node 9 (leading edge)
Direction (in) Direction (in) Twist (deg.)
X Y Z X Y Z
-.0995 | -.1594 | 11.6800 -.0881 | -.1073 8.0799 -7.00
31
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TABLE 10

ELEMENT AND LAYER THICKNESSES FOR THE MINIMUM WEIGHT
TWIST CONSTRAINT DESIGN (WASH OUT 7°)

Thickness (in.

Element No. Total 0° 90° -45° +45°
1 L0494 .0124 L0124 .0124 .0124
2 .0494 .0124 .0124 .0124 .0124
3 <0579 .0208 .0124 .0124 .0124
4 .0494 .0124 .0124 .0124 .0124
5 .0494 .0124 .0124 .0124 .0124
6 .0494 .0124 .0124 .0124 .0124
7 .0736 .0191 0123 .0298 40123
8 .0554 .0123 .0123 .0184 <0123
9 1550 “O123 .0302 <0123 .1001

10 .1360 .0124 .0250 .0124 .0863
11 L0572 .0201 .0124 .0124 .0124
12 .0494 .0124 .0124 .0124 <0124
13 .078 .0307 .0124 0124 0425
14 0494 « 0124 .0124 L0124 0124
3105 <0530 <0153 .0124 .0130 .0124
16 .0494 .0124 0124 .0124 0124
1.9 L1940 .0124 .0513 .0124 +1179
18 « 1250 « 0124 .0338 .0124 .0665
19 .0988 0617 .0124 0124 0124
20 .0590 0220 S OiliZ3 <0123 J0123
21 .0768 .0397 .0124 .0124 .0124
22 .0581 <0210 .0124 L0124 .0124
23 .0769 .0347 0124 0175 .0124
24 .0595 0225 +Qi23 0123 <OL23
25 .2020 0124 .0538 0124 1234
26 .1330 .0124 L0341 .0124 .0742
27 . 1400 .0818 «0123 <0123 «0335
28 .0937 .0298 «0124 .0124 .0392
29 .1240 .0581 .0124 .0124 L0411
30 .0947 .0290 .0124 .0124 .0410
31 .0962 .0591 .0124 .0124 0124
32 .0769 .0398 .0124 .0124 0124
33 .2290 <0123 .0699 .0124 1344
34 .2190 .0124 .0719 0124 w1228
35 .1750 .0947 «0123 0123 «0551
36 L1110 .0381 0124 0123 . 0482
37 . 1560 L0610 «0123 .0123 .0703
38 .1020 .0309 0124 L0124 L0464
39 . 1500 v L 129 L0124 0124 0124
40 . 1090 .0719 .0124 0124 0124
41 . 1580 .0124 0124 0124 .1209
42 . 1830 0124 .0209 .0124 w1373
43 v 2120 .0823 +O123 «0123 31951
an L1560 .0289 0124 0124 1024
L 45 . 1960 L0536 .0123 «U123 -
32
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TABLE 10 (Concluded)

Thickness (in.

Element No. Total 0° 90° ~45°
46 .1480 .0251 0123 .0123
47 .2250 .1879 .0124 L0124
48 .1810 «1152 L0124 .0124
49 .0678 .0185 .0123 .0123
50 .0780 20123 <0123 .0123
51 .2460 .0499 .0123 .0123
52 .2020 .0123 0323 JO 23
53 .2830 .0415 .0124 .0219
54 .2300 .0124 L0124 L0124
55 .3200 .2543 .0124 L0124
56 <2270 .1612 .0124 .0124
57 .0780 .0410 <0123 0123
58 .0780 .0410 «0123 0123
59 .0759 .0124 .0124 L0124
60 .0704 <0123 20123 .0123
61 . 4040 .0565 .0124 0123
62 . 3800 .0124 .0124 L0124
63 .3970 3252 <0123 .0123
64 .2700 L2044 .0123 0123
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TABLE 11
SHEAR PANEL AND BAR DIMENSIONS FOR THE MINIMUM WEIGHT

TWIST CONSTRAINT DESIGN (WASH OUT 7°)

Shear Panels

Shear Panels

Element No. Thickness (in.) Element No. Thickness (in.)
65-68 L0485 96 .0485
69 .0511 97 .1380
70 L0434 98 .1370
71-74 .0433 99 .1490
75 .0485 100 .1450
76 .0433 101 .0898
77 .0433 102-105 .0485
78-81 .0485 106 .0605
82 0433 107 .0552
83 .0485 108 .0485
84 .0485 109 .0655
85 .0433 110 .1340
86 .0433 111 .1950
87 L0485 112 .0485
88 L0485 113 .0592
89 0618 114 .0681
90 0472 115 .0968
91 0485 116 .1340
92 .0485 X17 .1690
93 .0433 118 .2070
94 L0433 119 .2290
95 .0485
Bars Bars
Node No. Area (in?) Node No. Area (in2)
120-122 L0485 142 .0433
123 .0433 143 .0485
124 .0485 144 .0485
125 .0433 145-147 .0433
126 .0433 148 .0485
127 .0485 149 L0433
128 .0485 150 .0485
129 L0433 ES1 +043%
130 .0433 152 L0485
L31 .0485 153 L0433
132 0433 154 .0433
133-137 . 0485 LS5 L0485
138-140 .0433 156-158 .0433
141 .0485
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Hi
j TABLE 12
(§ TTERATIVE HISTORY FOR THE TWIST CONSTRAINT PROBLEM (WASH IN 2°)
4
: Cyete Weight (ibs.) T e @egy ]
§ No. Stress Design Twist Design Stress Design | Twist Design |
§ 1 309. 34 -1.879
i 2 434.58 8.24 .0379 2.000
 § 3 558.98 116.80 .418 2.000
i 4 461.96 122.51 .531 2.000
i ¢ 5 422.68 230415 1.090 2.000
1 6 546.74 515.48 1.886 2.000
¥ 7 370.82 253.58 1.368 2.000
¥ 8 416.46 416.46 2.000 2.000
1 9 258.97 258.97 2.000 2.000
5 10 326.38 326.38 2.000 2.000
i 11 135.14 126.67 1.875 2.000
| 12 164.13 164.13 2.000 2.000
{ i 13 194.59 194.59 2.000 2.000
£ 14 230.57 230.57 2.000 2.000
i 15 206.63 206.63 2.000 2.000
} 16 248.42 248.42 2.000 2.000
| 17 127.60 127.60 2.000 2.000
; 18 274.28 274.28 2.000 2.000
] 19 232.19 232.19 2.000 2.000
L § 20 260.97 260.97 2.000 2.000
"i; 21 105.54 105.54 [ 2.000 2.000
{ e — ] =T
i
p!
k)
TABLE 13
; DEFLECTTIONS AT TIP FOR THE MINIMUM WEIGHT
§ TWIST CONSTRAINT DESIGN (WASH IN 2°)
1 o SRS -
z" Node 7 (trailing edge) Node 9 (leading edge)
'] Direction (in) U] e Direction (In) Twist (den.)
- X Y z o O S
[ L0607 | -.1073 4.4931 5.5179 2.000

B WY v S ——
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IABLE 14
ELEMENT AND LAYER THICKNESSESS FOR THE MINIMUM WPIGHT
TWIST CONSTRAINT DESIGN (WASH IN 2°)

DTSR DU _Thdckness (in.d " 1
(4 s R - e =
Element No. | _ Total <P R, <R L -
1 L0680 +OLTO L0170 .0170 <0170
2 L0680 L0170 L0170 0170 0170
3 <1290 0778 .0171 QL7 &5 6 57
4 .1280 0769 L0170 L0170 L0170
5 0680 0170 .0170 .0170 .0170 |
£ .0708 .0170 L0197 .0170 |
7 . 3880 L0170 L0638 } .0194
8 .3870 .0170 <0723 0170 |
9 ! .0680 L0170 G 6 0170 |
10 | .06%0 L6170 L0170 0170 |
11 L0680 L0170 0170 L0170
12 L0680 L0170 0170 i L0170
13 L0695 L0170 L0170 ! .0185
14 .0680 L0170 L0170 ! .0170
15 .5460 .0170 .0829 i .0170
16 .5400 L0170 L0806 .0170
17 L0680 L0170 0170 (08 B L0 S |
18 L0680 . 0170 0170 L0170
19 . 0680 L0170 .0170 0170 0170
20 L0680 L0170 L0170 L0170 L0170
21 .0695 0170 L0170 L0170 .0185 !
2 L0680 L0170 0170 L0176 .0170
b « 1190 +5308 0611 «1102 L0170
24 L6830 T Y 0352 .114] <01 7¢
25 .0680 .0170 .0170 L0170 JO01L70
26 0650 L0170 0170 0170 0170
i V630 0170 .0170 L0170 « 0170
‘ 5 L0680 )170 0170 0170 L0170
29 <1420 L, 0905 ;0170 L0170 0174
| 30) | 0828 0318 .0170 0170 0170
[ 31 | L6940 4272 L0561 « X936 | .017
i 32 | . 7660 AZ6S .1092 2123 | 0170
E 373 ; L0680 L0170 L0170 L0170 | 017
I 34 i 1680 L0170 0170 L0170 ! 1170
: 15 t LO6BR0G L0170 0170 017 ! L0170
3¢ | 16 &( G170 0170 L0170 i 0170
‘ 3/ I ) ) L0170 +0170 () ; '
! i l 0692 0170 0170 0182 ! L0170
i 39 \ .7290 6780 0170 0170 | .0170
| 40 ; L6900 6390 017 1170 {0170
! 41 | 1HE0 170 )170 0170 ! 017
s L0680 0170 170 M0 L0170
4 JH RO 170 0170 0170 ! 0170
A t ' 5 1170 i 0170 117 170
| 45 | 0919 1170 J 01 0 J. L0408
i ) i i T SR J R —
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TABLE 14 (Concluded)

e~ 4[»————««— ————— R e e e e e et
Element No. . Total - wm_‘jl__A&_4~_~_Jﬂ2_~_,,___;:&5indn_j___t§21_
46 L0767 .0170 L0170 .0256 L0170
47 .7790 .7280 .0170 L0170 .0170
48 . 7400 .6889 L0170 .0170 .0170
49 0680 .0170 .0170 L0176 .0170
50 L0680 .0170 .0170 L0170 .0170
51 L0709 L0199 .0170 0170 .0170
52 L0680 .0170 0170 0170 .0170
93 .0927 .0170 .0170 L0170 L0416
54 .7290 .1701 .1701 1701 .2188
55 .7870 . 7159 .0170 L0170 L0170
56 .7780 .7270 L0170 .0170 .0170
57 .0680 .0170 .0170 .0170 L0170 |
58 L0680 L0170 L0170 L0170 L0170 i
59 .0807 .0297 .0170 L0170 .0170 i
60 L0680 L0170 .0170 L0170 .0170
61 .1300 .0755 .0170 L0170 L0206
62 .0852 0342 L0170 L0170 .0170
63 . 7650 . 7140 .0170 .0179 .0170
64 . 7800 . 7289 L0170 0170 .017¢
SSRGSl TR NTEL ) SR e TN e i
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TABLE 15

SHEAR PANEL AND BAR DIMENSIONS FOR THE MINIMUM WEIGHT
TWIST CONSTRAINT DESIGN (WASH IN 2°)

Shear Panels

Shear Panels

Element No. Thickness (in.) Element No. Thickness (in.)
65-72 .0680 110 .1090
73 .0417 111 . 1460
74 .0680 112 .1090
75 L0417 113 .1430
76-80 .0680 114 .1330
81-86 .0417 115 .1410
87-91 .0680 116 .1810
92 .0417 117 .191C
93-108 .0680 118 .1330
109 .0743 119 .1570
Bars Bars
Element No. Area (in2) Element No. Area (in2)
120 .0680 136 .0680
574 ¢ 0417 137 .0680
122-124 .0680 138 L0417
125-129 L0417 139-141 .0680
130 .0680 142 .0417
131 .0680 143 .0417
132 .0417 144-156 .0680
133 .0417 157 L0417
134 .0680 158 .0680
135 L0417
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