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INTRODUCTION

To date, few applications have been presented of formal mathematical programming
optimization procedures to large finite-element structural models. The use of formal
optimization procedures for airplane wing design is reviewed by Ashley in refer-
ence 1. This review indicates that most optimization applications use simplified
structural models of wings (e.g., rectangular cantilever wing boxes}, although a few
exceptions are found. Some applications included in reference 1 are a conceptual
arrow-wing supersonic transport optimized for flutter constraints and a Mirage delta
wing optimized for static and aeroelastic constraints. The preliminary design of an
advanced transport wing subject to strength, stiffness, and aeroelastic constraints
is described in references 2 and 3. The aeroelastic optimization of a fighter wing
is described in reference 4. Optimization of a conceptual model of a supersonic
transport wing for minimum structural mass is described in reference 5.

An effort is underway at the NASA Langley Research Center to demonstrate the use
of formal mathematical programming procedures for the design of realistic airplane
wings to achieve maximum fuel efficiency (ref. 6). The focus of a cooperative effort
between NASA and the Lockheed-California Company is to perform design studies on the
wing of an L-1011 derivative airplane by using two different approaches. Lockheed is
using a traditional method of design involving parametric studies, whereas NASA is
applying formal optimization procedures as described in reference 6. The purpose of
the work described in this paper is to advance one step toward a formal structural
optimization system that will eventually be suitable for the detailed design of an
airplane wing.

The optimization analysis system described in the present work is denoted as
"OPTEAL" and uses the general-purpose finite-element analysis program (ref. 7) known
as Engineering Analysis Language (EAL) to perform the structural analysis and to cal-
culate structural sensitivity derivatives. The general-purpose optimization program
CONMIN (ref. 8), which is a FORTRAN program for constrained function minimization, is
used to minimize an objective function that is subject to a set of inequality con-
straints by employing a usable-feasible directions search algorithm., The optimiza-
tion process requires many evaluations of the objective function and constraints
before the optimum design is obtained. This process can be very expensive if full
analyses are made for each function evaluation. However, as Miura points out in
reference 9, the optimization process primarily uses analysis results to move in the
direction of the optimum design; therefore, a full analysis needs to be made only
occasionally during the design process and always at the end to check the final
design. Thus, various approximation techniques can be used during the optimization
to reduce costs. In the present work, the objective function and constraints are
approximated using a piecewise linear analysis that consists of linear Taylor series
expansions for the objective function and the constraints based on the values for the
design variables from CONMIN and static analysis and sensitivity information from EAL
analyses.

This paper describes the optimization system and its application to a minimum
mass optimization of a large transport-type wing designed to satisfy stress con-
straints while subjected to two static loading conditions. Results obtained from
using the system are also compared with results obtained from using a fully stressed
design procedure. Details of the optimization system are given in the appendix.



SYMBOLS AND ABBREVIATIONS

A, cross-sectional area of stiffener (fig. 5)
b stiffener spacing (fig. 5)

Cij constitutive matrix component (eq. (24))

E modulus of elasticity

F objective function

{£} applied load vector

g inequality constraints

[K] stiffness matrix

N inplane stress resultant, x-direction

ny inplane shear stress resultant

Ny inplane stress resultant, y-direction

[s] stress displacement matrix

T4 skin thickness (fig. 5)

T, equivalent smeared thickness of stiffener (fig. 5)
{u} displacement vector

Vk kth design variable

AVk kth design variable increment

{v} vector of independent design variables

vy ith dependent design variable

{v} vector of dependent design variables

X,Y,2 Cartesian coordinates

B nondimensional parameter representing location along wing span (fig. 4)
ny engineering shear strain

8 move limit

€y membrane strain in x-direction

ey membrane strain in y-direction

v Poisson's ratio



g allowable stress

a

o Von Mises stress (eq. (8))
{o} stress vector

Subscripts:

i,k design variable numbers

L lower

o) original (unperturbed)

u upper

1 skin

2 stiffener

Superscripts:

n new (perturbed)

o original (unperturbed)
Abbreviations:

FSD fully stressed design

NDV number of design variables

OPTIMIZATION PROCEDURES

The use of a formal mathematical programming procedure requires the specifica-
tion of an objective function F(V) that is the quantity to be minimized, a set of
design variables V that are the quantities which are changed in order to minimize
the objective function, and a set of inequality constraints g that are requirements
which must be satisfied (e.q., stresses within acceptable limits). The optimization
problem can be stated as follows:

Find the set of variables V such that

F(V) + Minimum

subject to

Vo]
A
o

(1)



Optimization Algorithm

The basic optimization algorithm used in this study is a combination of the
optimization program CONMIN (ref. 8) and a piecewise linear approximation. Both are
discussed in this section.

CONMIN.- CONMIN is a general-purpose optimization program that performs con-
strained minimization using a usable-feasible directions search algorithm. In the
search for new design variable values, CONMIN requires derivatives of the objective
function and constraints. The user has the option of either letting CONMIN determine
the derivatives by finite differences or supplying derivative information to CONMIN.
The latter method will be used herein.

Piecewise linear approximation.- Since structural analyses using large finite-
element models are computationally expensive and time-consuming, approximate analysis
methods are employed to reduce time and computer costs. In these approximate analy-
sis methods, previously calculated derivatives of the objective function and con-
straint functions with respect to the design variables are used for linear extrapola-
tion of these functions. The assumption of linearity is valid over a suitably small
interval of the design variable values and will not introduce a large error into the
analysis provided the interval remains sufficiently small. This approximate analysis
will be referred to as a "piecewise linear approximation." '

Specifically, the objective function F, the constraints g, and their respec-
tive derivatives are calculated for the design variables V using a full EAL analy-
sis. A first-order Taylor series expansion, which approximates the new objective
function and the constraint values based on values for the design variables obtained
from CONMIN, is given as follows:

NDV 2
F =¥+ Z v, Yk T Vo,x’ (2)
k=1 K
and
oy
_ g
9 =9+ v (- Vo,k) (3)
k=1 X

where NDV is the number of design variables, F 1is the extrapolated value of the
objective function, g 1is the extrapolated value of the constraint, and V. is the
design variable value obtained from CONMIN. The symbols For 9o and Vo,k are the
values for the objective function, constraints, and design variables, respectively,
from the full analysis.

The use of the piecewise linear approach requires that limits be imposed on the
design variable changes (referred to as "move limits”) to control the errors intro-
duced by the linearity assumption. A move limit is specified as an increment §.
(For this work, 6 = 0.1.) These upper and lower move limits result in two addi-
tional constraints on each of the design variables. The move limits are formulated
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as two constraints so that the proper derivatives of the constraints are obtained.
These constraints are formulated in the following manner:

Ju

]

W<:
I

<

(4a)

9z

where Vi u and Vi ¢ are the upper and lower bounds on the kth design variable,
respectivély, and aré given by

<
-
1l
<
+
o

(4b)

where 6 is the move limit and V° is the unperturbed value of the kth design vari-

able (i.e., the design variable value used in the structural analysis). The move
limit constraints are formulated by combining equations (4a) and (4b) and nondimen-
sionalizing. Thus,

(o]
v, -V
k k
gy =—"75 - (5a)
and
Vo = Ve
9y =5~ (5b)

Objective Function

In a minimum mass-strength optimization problem, the objective is to find the
distribution of structural material in the wing that has the least mass while
satisfying requirements on stresses in the wing skin. Thus, the objective function
(eq. (1)) is defined as follows:

F(V) = Mass (6)



Design Variables

For this study the design variables V are the coefficients in a polynomial
expression that describes the skin thickness distribution in the wing. Using the
coefficients of the polynomial as design variables allows the specification of a
large number of finite-element thicknesses by a few parameters.

Constraints

Two types of constraints are used in this study. One is a stress constraint
that requires that the Von Mises stress ¢ in each wing cover panel be less than a
given allowable value O i,e.,

o
g=6——1 (7)

where o is the Von Mises stress defined as
g = (02 + 02 - g0 + 30° )1/2 (8)
X Y XY Xy

The second type of constraint is the move limit due to the piecewise linearity
approximation used in the optimization procedure. These move limit constraints are
defined by equations (5).

Constraint Derivatives

The derivative of the stress constraint is found by differentiating equation (7)
with respect to the kth design variable Vi o Thus,

1 9
o = o ao— (9)
3 )
Vk ca Vk

where 00/dV, 1is the stress derivative. The calculation of the stress ¢ and the
stress derivative will be discussed in the next section. The derivatives of the move
limit constraints with respect to the kth design variable Vi are found by differen-
tiating equations (5). Thus,

og

1
ov, & (10)

~



and

1
=3 (11)

where & 1is the move limit.

STRUCTURAL RESPONSE AND SENSITIVITY CALCULATIONS
Structural Analysis

The basic structural analysis program used in the system is a general-purpose
finite-element analysis system (ref. 7) known as Engineering Analysis Language (EAL).
The EAL program is a modular system of independent processors that are called using a
high-level command language in user-created "runstreams" (analogous to calling sub-
routines in FORTRAN). These runstreams can be created and used for a variety of pur-
poses such as repetitive analyses. EAL also provides for the incorporation of user-
developed FORTRAN subroutines as external EAL processors. EAL and its capabilities
will be discussed in further detail in the appendix.

Sensitivity Analysis

The optimization system requires the calculation of sensitivity derivatives.
The basic methodology for implementing structural sensitivity derivative calculations
into a general-purpose finite-element analysis system (ref. 10) is described in
reference 11. Further development and incorporation of this methodology in EAL as
runstreams is described in reference 12. 1In the present system the runstreams of
reference 12 are used for the sensitivity derivatives. The stress and displacement
derivatives with respect to the design variables are obtained using the semianalyti-
cal approach described in reference 12. The semianalytical approach uses an analyti-
cal expression for the displacement derivatives combined with a finite-difference
approximation for the derivative of the stiffness matrix as outlined below.

Equations for the structural sensitivity derivatives are based on the equilib-
rium equations for linear static structural analysis

[kK1{u} = {f} (12)

where [K] 1is the linear stiffness matrix, {u} is the vector of nodal displace-
ments, and {f} is the applied load vector. Element stresses {0} are related to
the nodal displacements by

{o} = [s}{u} (13)

where [S] 1is defined as the stress displacement matrix (ref. 12).



Displacement derivatives.- The displacement derivatives are calculated by dif-
ferentiating equation (12) with respect to each design variable. Assuming that the
applied load vector {f} 1is independent of the design variables, then

o{u} 9[K]
K] —= = - ——
avk avk

{u} (14)

where the derivative of the stiffness matrix with respect to the kth design variable
B[K]/BVk is calculated by using a forward finite-difference approximation

3Lkl _ Akl _ k1" - (x]1°
v Av n o
k k Vk - Vk

(15)

and [K]™ 1is the perturbed stiffness matrix formed by incrementing the kth design
variable by Avk; i.e.,

Vi = 0 4 Av (16)

and [K]° and v©  are the original (unperturbed) stiffness matrix and the unper-
turbed kth design variable, respectively., The displacement derivative d{u}/3v, in
equation (14) is computed using the factored stiffness matrix from the solution of
equation (12).

Stress derivatives.- The stress derivative 9d{o}/ov is found by first approxi-
mating the perturbed displacement vector {u}i by a first-order Taylor series
expansion

o
) = {u)® + %:} (V2 - ) (17)

where 3{u}/3Vk is calculated from equation (14), vl is calculated by equa-

tion (16), and {u}o and Vv° are the unperturbed displacement and the kth unper-
turbed independent design variable, respectively. Using equation (13), the kth
perturbed stress vector {o}i is given by

n _ n n
{c}k = [s]k{u}k (18)



and the kth stress derivative is calculated by using a forward finite-difference
approximation

n o

sy | ¥y - 19

av n (o} (19)
k Vk - Vk

with {0}o given by equation (13). The derivative of the Von Mises stress (eq. (8))
is given by

= (20)

where the derivatives of the stress components are given by equation (19) and g is
given by equation (8).

WING MODEL DESCRIPTION

The advanced transport airplane being studied in the cooperative agreement be-
tween NASA and the Lockheed-California Company (ref. 6) is illustrated in figure 1.
The airplane is an L-1011 derivative that will have a stretched body, a new flight
station, a new propulsion system, a smaller tail, and a new wing. These modifica-
tions are indicated by the shaded regions of the airplane., The optimization process
described above was applied to a finite-element model of this wing for a minimum
mass-strength study.

Finite-Element Model

A NASTRAN finite-element model of the L-1011 transport airplane was developed
at Lockheed (ref. 13) for use in their design procedure known as the Preliminary
Aeroelastic Design of Structures (PADS). This NASTRAN finite-element model was
converted to an EAL finite-element model for use in the present work.

The EAL finite-element model is shown in figure 2., The entire model of the air-
plane is shown in figure 2(a). The model of the wing is shown in figqure 2(b). Since
the focus of the study is on wing design, a detailed model is used for the wing
structure and the wing-fuselage interface. The wing and wing-fuselage interface are
modeled with rods and membrane elements. The fore and aft fuselage, the empennage,
engine, and landing gear are modeled with beam elements. The resulting model (a
symmetric half-model) has 641 nodes and 1749 elements., There are 170 beam elements
(EAL element type E21) used to model the fuselage rings, fuselage beams, horizontal
and vertical tails, the engine, the landing gear, the control-surface actuators, and
the interface between the fuselage shell and beams. There are 775 bar elements (EAL
element type E23) used to model the spar and rib caps and the stiffeners on the lower



fuselage shell. The wing centerbody interface, the fuselage-beam centerbody inter-
face, and the actuator springs are modeled by 18 spring elements (EAL element type
E25). The remainder of the model consists of 786 quadrilateral membrane elements
(EAL element type E41) to model the wing cover skins, fuselage skin, wing rib and
spar shear webs, and the aerodynamic pressure distribution panels.

Only the cover panels in the upper and lower surfaces of the main wing box are
sized in the present study. Thus, of the 1749 elements in the finite-element model
of the transport airplane, 216 elements (EAL element type E41) are to be sized.

These elements are the wing cover panels in the upper and lower surfaces of the wing
box and are shown in figure 3. The 108 elements in the upper wing box surface and
the 108 elements in the lower wing box surface that are to be sized are shown in
figures 3(a) and 3(b), respectively. The cover panels and stiffeners of the wing are
made of aluminum with a modulus of elasticity of 10.5 X 10° psi, a Poisson's ratio of
0.33, and a density of 0.1 lbm/in>.

Cover Panel Representation

The wing box is divided into two regions, inboard and outboard, with a rib near
the engine pylon being the dividing line. (See fig. 4.) The wing is assumed to be
symmetric so that the upper and lower surfaces have the same thickness distribution.
The distribution of skin thickness T; in the spanwise direction is described by a
guadratic expression in a nondimensional parameter B, where B = 0 at the airplane
centerline, B = 0.12 at the wing root, and B8 = 1.0 at the wing tip (fig. 4). The
skin thickness is assumed to be constant in the streamwise direction, The smeared
stiffener thickness T, is assumed to be proportional to the skin thickness T,.
There are two quadratic expressions used to describe the skin thickness distributions
(one for each region of the wing) and two corresponding proportionality factors for
the stiffener thickness distributions. For a given node point located at a nondimen-
sional distance B from the wing centerline, the skin thickness and the stiffener
thickness distributions are given by

T, =V, + v2(1 - B) + V301 - B)2

(outboard) (21)
Ty = V4T
Ty = Vg + V6(1 - B) + vo(1 - B)2

(inboard) (22)

Equations (21) and (22) contain eight undetermined coefficients, V1 to Vg that
will be the design variables.
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Constitutive Properties of Wing Cover Panels

The EAL program regquires a constitutive matrix for each element. For a membrane
element, the constitutive matrix C relates the inplane stress resultants {N} to
the membrane strains {€} in the following manner:

Ny Ciq G2 O €x
Ny =1Cy5 Cyy 0 ey (23)
ny 0 0 C33 ny

In the wing model, two thicknesses (a skin thickness T and a stiffener
thickness T2), two moduli of elasticity E1 and E2 (for this work, E1 = E2 = E),
and Poisson's ratio VvV are associated with each element in the wing box cover skin.
An effective thickness and stiffness for each element are used to define the elements
in equation (23). The effective thickness is determined by smearing the stiffener
thickness and combining it with the skin thickness. The two thicknesses associated
with each element are shown in figure 5. The nonzero elements in matrix C in
equation (23) are given by

. _ E1T1 + E2T2 =N
11~ 1 - v v
1= VY0
. E,T,
22~ -
B PASY
(24)
Cia = V21Cq4
c _ 1':11'1‘1
33 7
2(1 + \)12) )
where
Vig =V
and
E, T,V
v - 171712

21~ + E
E1T1 2T2
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In the above equations, T, and T, are element centroidal thicknesses obtained by
calculating the thicknesses T, and T, for each element node point from equa-
tions (21) and (22) and then taking an average of these node point thicknesses.

Load Distributions

In the present work, two static load cases given in table I were used. The
first load case represents a 50 000-1lb force applied at the wing tip. The second
case represents a distributed loading by 1000-1b forces applied at each node over the
entire wing box. These two load cases result in 432 stress constraints (216 stress
constraints for each load case).

RESULTS AND DISCUSSION
Overview

The optimization method has been applied to a minimum mass design of an L-1011
type of transport wing subject to stress constraints. The objective function re-
flects only the mass of the sized elements. A total of 448 constraints are used in
this study (432 stress constraints and 16 move limit constraints on the design
variables).

Optimization Results

The starting values for the design variables are given in table II. The two
coefficients Va4 and Vg that determine the stiffener thicknesses were fixed at a
value of 0.60 during the optimization process. (The ratio of the stiffener thickness
to skin thickness is a constant in the existing L-1011 wing.) These values of the
design variables result in a wing whose initial mass is 10 829 1b with 94 violated
stress constraints.

The terms "cycle" (or outer loop) and "iteration" (or inner loop) will be used
in the following discussion. The outer loop consists of structural analysis, deriva-
tive calculations, and a set of optimization calculations made in the inner loop.

The inner loop consists of the optimization calculations within a given cycle to find
an improved set of design variable values using a piecewise linear analysis based on
the current set of derivatives.

A history of the objective function (mass of the sized cover panels) plotted
against cycle number is shown in figure 6. In the figure each circular symbol repre-
sents a cycle. There are several optimization iterations between each symbol. On
the first cycle the optimization process tries to eliminate the violated constraints
and decrease the mass. However, because of the linearization approximation for the
objective function and the constraint functions, using these design variable values
obtained on cycle 1 results in 36 violated constraints when the structural analysis
is performed at the beginning of cycle 2. This accounts for the increase in mass at
the end of cycle 2 as CONMIN tries to eliminate the violated constraints. As shown
in figure 6, since the value of the objective function does not change significantly
after the 21st cycle, a "flat" minimum is indicated.

Histories of the design variables plotted against cycle number are shown in
figure 7. All the design variables have converged after 30 cycles. The values for
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the objective function and design variables for the final design (at 30 cycles) are
given in table II. There are no violated constraints.

The effective thickness distribution (skin thickness plus smeared stiffener
thickness) plotted against span location B is shown in figure 8. The effective
thickness distributions for the initial and final cycles are shown in figure 8(a).
These distributions, along with distributions from several intermediate cycles, are
shown in figure 8(b). The initial thickness distribution is continuous (i.e., no gap
between the inboard and outbhoard regions) and is nearly linear. As the optimization
process proceeds, a gap at the 50-percent span location is present. The presence of
this gap is due to two reasons. First, the expression for the thickness distribution
is a low-order (quadratic) polynomial., If a higher-order polynomial were used, the
polynomial would have more freedom to match thicknesses at the interface. Then, a
better representation of the thickness distribution could be obtained. Second, the
stress values for elements near the interface are low., If these were closer to being
critical, the thicknesses from each region of the wing would approach each other and
thus reduce the gap. A plot of the gap between the inboard and outboard thickness
distributions at the 50-percent span location as a function of the number of cycles
is shown in figure 9. The gap decreases with the number of cycles until the distri-
butions cross over. After 30 cycles the growth in gap thickness has reached a
constant value of about 0.05 in.

Comparison With Fully Stressed Design

The effective thickness distribution for the final design of the wing using
OPTEAL is compared with the effective thickness distribution for the wing sized by
using a fully stressed design (FSD) procedure. FSD is a procedure that can be useful
for preliminary sizing of wings subject to stress and minimum gauge constraints. The
FSD procedure sizes structural elements based on the ratio of calculated stress to
allowable stress. As pointed out in reference 14, FSD is useful in obtaining low
mass designs for nearly statically determinant structures, such as high-aspect-ratio
wings like the one considered in the current work, but it can produce nonoptimum
results for highly redundant structures. The FSD thickness distribution is obtained
by calculating the thickness necessary for the wing box to be fully stressed at each
of the 24 rib cross sections. The FSD results are based on simple beam theory and
load case 1 only. The OPTEAL and FSD thickness distributions compared in figqure 10
exhibit similar trends. At the tip the FSD thickness goes to 0 as the bending moment
goes to 0 because minimum gauge is not considered. The quadratic thickness distribu-
tion used in OPTEAL is influenced by all the elements in the outboard region and does
not go to 0 at the tip. The masses of the designs using the two approaches are
within 10 percent. As shown in figure 11, the optimized wing has many elements that
are nearly fully stressed. The stresses in the shaded, hatched, and cross-hatched
elements in the upper wing surface (fig. 11(a)) and the lower wing surface
(fig. 11(b)) are near the allowable stress value for load case 1, load case 2, and
both load cases, respectively.

CONCLUDING REMARKS

Formal optimization procedures have been applied to a large finite-element model
of a transport-airplane wing structure. The wing is designed for minimum mass sub-
ject to stress constraints for two load cases, The design variables are coefficients
of polynomials describing the skin and stiffener thickness distributions. The skin
distribution in the spanwise direction is described by two quadratic expressions (one
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inboard and one outboard) and is constant in the streamwise direction. The stiffener
thicknesses are proportional to the skin thickness.

An implementation of the procedure is developed that consists of the basic anal-
ysis and a sensitivity derivative capability in the finite-element analysis program
for Engineering Analysis Language (EAL), a set of user-written FORTRAN processors,
the general-purpose optimization program CONMIN, and a piecewise linear analysis. 1In
the procedure, sensitivity derivatives are computed using a semianalytical method
that combines finite-difference derivatives of the stiffness matrix with analytical
expressions for the derivatives of the stresses and displacements.

Results are presented for a minimum mass design subject to stress requirements.
The objective function, which is the mass in the wing cover panels, is found to have
a "flat" minimum. Results obtained using the optimization analysis system (OPTEAL)
compare favorably with those obtained using a fully stressed design procedure based
on beam theory. The masses for the wing cover panels from the two procedures are
within 10 percent.

NASA Langley Research Center
Hampton, VA 23665-5225
October 25, 1985
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APPENDIX

OPTIMIZATION ANALYSIS SYSTEM (OPTEAL)

This section of the paper contains a description of the optimization analysis
system denoted as "OPTEAL." First, the EAL program is described briefly., Next, a
description of how EAL was integrated into the optimization system is given.
Finally, a block diagram of the OPTEAL system is shown and discussed in detail.

Engineering Analysis Language {(EAL) System

A schematic of the EAL system configuration is shown in figure 12. EAL contains
individual processors that communicate through a common data base consisting of one
or more libraries of data sets. The data sets typically contain data describing the
finite-element model of the structure (such as geometry) as well as response informa-
tion that is accumulated during the execution of the processors. All data communica-
tion between processors is in terms of data sets. A set of data-handling utilities
(ref. 15) transfers data between the processor in the central memory of the computer
and the data base on auxiliary storage devices. The functions of the various EAL
processors are shown in table III. The processors can be executed in any appropriate
sequence, and a sequence of processor executions is denoted as a "runstream."

The EAL system also uses a set of flexible FORTRAN-like statements called execu-
tive control system (ECS) commands. A list of ECS commands is given in table 8-1 of
reference 7. These commands allow branching, testing data, looping, and calling
runstreams (similar to calling FORTRAN subroutines).

Besides the processors listed in table III, the EAL system also allows the user
to write processors that can be executed in EAL. These user-written processors are
known as external processors and are written in FORTRAN. Data are transferred be-
tween the data base and these external processors using the utilities described in
reference 15. The processors also make use of the information stored in the
individual data sets (ref. 16).

The EAL processors, with appropriate ECS commands organized as runstreams, are
used to implement the analysis and derivative computations (egs. (12) to (19)).
These runstreams are based on those in the appendix of reference 12 with some modi-
fications that will be discussed subsequently. The OPTEAL system combines those
modified runstreams with three external processors called LINK, EPNG, and JOPT that
are described subsequently.

External Processor LINK

The processor LINK is an external EAL processor that updates the section proper-
ties table for the type E41 elements which are to be sized using equations (21) to
(24). This processor utilizes information contained in the data base (node points,
connectivities, design variable values, etc.) to update the section property table.
This processor must be called once at the beginning of the analysis and then subse-
quently every time a design variable is changed. For example, if there are eight
design variables, this processor must be executed nine times in the course of calcu-
lating derivatives. LINK enters the updated section properties into the EAL data
base.
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External Processor EPNG

The processor EPNG is an external EAL processor that evaluates the constraints
and the derivatives of the constraints for later use by the optimizer. EPNG first
accesses the stress components computed by EAL and their derivatives computed by the
method of reference 12 from the EAL data base. The processor then computes a
Von Mises stress using equation (8) and uses equation (7) to obtain the corresponding
constraint. Finally, derivatives of the stress constraints (eq. (7)) are calculated
using equations (9) and (20).

External Processor JOPT

The processor JOPT is an external EAL processor that contains the optimization
program CONMIN (ref. 8) and the piecewise linear analysis. The role of JOPT is to
find the values of the design variables that move toward a minimum value of the ob-
jective function while satisfying all the constraints. The piecewise linear analysis
is used to extrapolate the objective function using equation (2) and the constraint
equations using equation (3), which are then passed to the optimizer CONMIN that
minimizes an objective function subject to inequality constraints. CONMIN uses a
usable-feasible directions search algorithm to obtain new values for the design vari-
ables. New values for the objective function and constraints based on these new
design variable values are extrapolated using the piecewise linear analysis. This
process continues until the objective function has converged. Processor JOPT obtains
all the CONMIN parameter values from the EAL data base. This processor also computes
the additional constraints required for move limits and the derivatives of these
constraints by the piecewise linear analysis. The constraints, move limits, and the
derivatives of these constraints are given by equations (4), (5), (10), and (11).

Organization of OPTEAL

The basic flow of information in OPTEAL is shown in the block diagram of fig-
ure 13, A detailed description of the process is given as follows:

Block (1)

EAL data tables are set up initializing the CONMIN parameters (ref. 8). These
tables will be accessed by the external processor JOPT. Although most of the param-
eter values will change depending on the problem, the one that will not change is
NDFG, which is the finite-difference gradient option parameter in CONMIN. This
parameter will always have the value of 1, which indicates that the user will supply
all derivative information to CONMIN.

Block (2)

The finite-element model of the wing is established. The node point locations,
connectivities, element types (E23, E41, etc.), and section properties are defined.
The elements to be sized are separated into four E41 groups: group 1 is the upper
outboard surface; group 2 is the lower outboard surface; group 3 is the upper inboard
surface; and group 4 is the lower inboard surface. The EAL processors TAB, ELD, and
TAN are called and the EAL tables describing the loading on the wing are set up.
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Block (3)

The EAL registers are initialized.

Block (4)

EAL tables containing initial values for the design variables are established.
These are the values for the coefficients v, to Vg in equations (21) and (22).

Block (5)

The wing symmetry condition (membrane (E41) thicknesses in the upper and lower
wing surfaces are equal) is imposed using design variable linking. Specifically,
group 1 thicknesses are the same as group 2, and group 3 thicknesses are the same as
group 4.

Note in blocks (6) to (8): The external EAL processor LINK consists of blocks (6)
to (8).

Block (5)

The skin and stiffener thicknesses at each node in the wing skin cover panels
are computed using equations (21) and (22).
Block (7)

The effective thicknesses of the elements to be sized are computed as averages
of the respective thicknesses of the four element node points.
Block (8)

The effective thicknesses of the elements are used in equations (24) to define
the constitutive matrix C in equation (23). These matrix elements are used to
update the EAL section properties table, which is then entered into the EAL data base
using the utilities of reference 15.

Block (9)

The displacements {u} and the stresses {0} in the sized wing cover skin
elements (groups 1 to 4, type E41 elements) are calculated using equations (12)
and (13).

Block (10)

The derivatives of the stiffness matrix are calculated by finite differences. A
detailed description of this block is shown in figure 14,
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Block (11)

After d[K]/9V has been computed, the derivatives of the displacements are com-
puted from equation (14). Then, the derivatives of the stress components in the
sized elements are found by using equation (19).

Block (12)

The external EAL processor EPNG is executed to extract the components of the
stresses and their derivatives from the EAL data base to calculate the stress con-
straints (egs. (7) and (8)) and the stress constraint derivatives (egs. (19) and
(20)). These values are entered into the EAL data base.

Block (13)
The objective function and its derivatives are calculated and entered into the

EAL data base.

Note in blocks (14) to (16): The external EAL processor JOPT is executed,

Block (14)

The CONMIN parameter values, objective function, objective function derivatives,
stress constraints, stress constraint derivatives, and design variable values are
accessed from the EAL data base using the utilities of reference 15. The move limit
constraints for the piecewise linear analysis are formed using equation (5). The
derivatives of these constraints are found using equations (10) and (11).

Block (15)

The general-purpose optimization program CONMIN and the piecewise linear analy-
sis are used to move toward the optimum values for the design variables. CONMIN uses
derivatives and active constraints to determine a search direction toward a new set
of design variables. The piecewise linear analysis is used to extrapolate values of
the objective function and the constraints based on these new design variables.

Block (16)

The new set of design variables is entered into the EAL data base.

Block (17)

Convergence of the entire system is checked. If the mass of the wing has not
changed by more than a specified tolerance over three consecutive cycles, it is
assumed that convergence has occurred. Otherwise, control reverts back to block (6)
and the procedure continues.
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TABLE I.- WING LOADING

Load case Joint number (see fig. 3) Fe, 1b Fy, 1b Fo, 1b
1 5, 7, 9, 11, 13 0 0 10 000
2 5, 7, 9, 11, 13 0 0 1 000

23, 25, 27, 29, 31

41, 43, 45, 47, 49

437, 439, 441, 443, 445

TABLE II.- INITIAL AND

FINAL DESIGN VARIABLE VALUES

Design Initial Final
variable value value
A 0.20 0.2379
vy .05 .6915
V3 .05 -1.1920
Vy .60 .6000
Vg .20 1.3260
Ve .05 -2.8710
Vo .05 1.7480
Vg .60 .6000
Objective function
mass, 1lb . . . . 10 829 9377
Number of violated
constraints . . . 94 0




TABLE IIT.- FUNCTIONS OF EAL PROCESSORS

Processor name

Function

TAB

ELD

EKS

SEQ

TAN

KG

DRST

EQNF

SSOL

LSK

LSU

GSF
PSF

ES

Creates data sets containing tables of joint locations, section
properties, material constants, etc.

Defines the finite-element connections in model

Generates sets of information for each element, including con-
nected joint numbers, geometrical data, material, and section
property data

Adds the stiffness and stress matrices for each element to the
set of information produced hy the E processor

Determines joint sequences, i.e., equation numbering sequences
to be used in sparse matrix solution methods

Analyzes element interconnections and topology and creates data
sets used to assemble and factor the system mass and stiff-
ness matrices

Assembles the unconstrained system stiffness matrix in a
sparse matrix format

Assembles the unconstrained system mass matrix in a sparse
matrix format

Assembles the unconstrained system initial-stress {(geometric
stiffness) matrix in a sparse matrix format

Factors the assembled system matrices
Similar to RSI, factors double precision SPAR format matrices

Computes equivalent joint loading associated with thermal,
dislocational, and pressure loading

Computes displacements and reactions due to applied loading at
the joints

FPorms partial or complete system stiffness (K) and damping (D)
matrices in a sparse matrix form called LS format

Translates arbitrary source K and M data into LS or SPAR format
and transforms SPAR and LS format matrices

Generates element stresses and internal loads
Prints the information generated by the GSF processor

Analyzes element interior state, given joint displacements,
and initial strains, if present; creates and stores stresses
and internal load data
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TABLE III.- Concluded

Processor name

Function

EIG
E4

SYN

STRP

SSBT

AUS

DCU

VPRT

PLTA
PLTB
PXY

PR

DR

U1

U3/RP2

U4/vU
FSM

PS

EI1

PRTE

Solves linear vibration and bifurcation buckling eigenproblems
Similar to EIG

Produces mass and stiffness matrices for systems comprised of
interconnected substructures

Computes eigenvalues and eigenvectors of substructured systems

Back-transforms synthesized system results into individual
substructure terms used in conjunction with SYN and STRP

Performs matrix arithmetic functions and is used in construc-
tion, editing, and modification of data sets

Performs data management functions including display of table
of contents, data transfer between libraries, changing data
set names, printing data sets, and transferring data between
libraries and sequential files

Performs editing and printing of data sets that are in the form
of vectors on the data libraries

Produce graphic displays of finite-element models and computed
results such as vibration and buckling modes, stresses, and
response histories

Generates reports of dynamic response analysis

Computes linear transient modal response and back-transforms to
determine any required system response details and maximum-
minimum and time-of-occurrence data

Creates, edits, and manipulates runstreams and permits direct
table input

Produces tabular multipage reports, using formats, headings,
and footnotes prescribed by the user at execution time

Enables vector arithmetic functions
Creates SPAR-format matrices for compressible fluid elements

Prints SPAR-format matrices and factored system matrices pro-
duced by RSI or DRSI

Utility processor that operates on element state information

Prints contents of the element state
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(a) Overall model.

(b) Model of wing.

Figure 2.- Finite-element structural model.
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EAL processors
(one in central memory at a time)
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Figure 12.- Schematic of EAL system configuration.




@ Set up tables with values for CONMIN parameters

!

@ Define finite-element model of wing

—

Set EAL registers for system control

i

Set up table containing initial values of design variables

!

(5) Impose wing cover skin symmetry condition

!

(G)Compute Tl and T2 at node points using eqs. (21) and (22):
a-e+v - g? «

3

(4)

T, =V, +V

k+2
(k =1 and 5)

1 k k+1

Ty = YiasTy

!

Compute thickness of skin elements

!

(®) Update EAL element property table

!

Compute displacements and stresses

!

10
( )Compute g%%} by finite differences (see fig. 14)

Compute derivatives of displacements and stresses

!

©)]

(9

11)

a2) Compute Von Mises stress constraints and derivatives of constraints

!

a» Compute objective function (mass) and derivatives of objective function

!

14) Define move limit constraints on {V} for piecewise linear analysis

!

Optimizer
(CONMIN and piecewise linear analysis)

!

New éet of design variables

(15)

(16)

Convergence

Figure 13.- OPTEAL block diagram.
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(1) ,
Loop over independent L

design variable Vk

\

2
2 Perturb independent design variable
Vk = Vk + AVk
\4
(3) . .
Compute dependent design variables {v}
(block (5), fig. 13)
Y
(4)

Loop over dependent design variables vi

Increment k

/

(5)
Compute Tl and T2 from eqs. (21) and (22)

Increment i

(6) Compute thicknesses of skin elements

A

Y

P Update EAL element property table

Y

(8) n
Calculate [K]k

\d

(9 Calculate derivatives

3[x] _ [K]Z— [k]°
oV, ) VE ~ VE

4

(10) Set original value of design variable

Y

Fiqure 14.- Detailed description of block (10) in figqure 13 for
stiffness matrix derivative.
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