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Multidisciplinary Optimization in Aircraft Design Using
Analytic Technology Models

Brett Malone™ and W. H. Masont
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

An approach to multidisciplinary optimization is presented that combines the global sensitivity equation
method, parametric optimization, and analytic technology models. The result is a powerful yet simple procedure
for identifying key design issues. It can be used both to investigate technology integration issues very early in
the design cycle, and to establish the information flow framework between disciplines for use in multidisciplinary
optimization projects using much more computationally intense representations of each technology. To illustrate
the approach, an examination of the optimization of a short-takeoff, heavy transport aircraft is presented for
numerous combinations of performance and technology constraints. The results show explicitly the takeoff
weight penalty for transenic cruise Mach number and the wing sweep variation with cruise Mach number.
Conceptual designs can be optimized rapidly with this approach.

Nomenclature

aspect ratio

cruise drag coefficient

transonic wave drag

zero lift drag

fixed weight fraction multiplier

cruise lift coefficient

section lift coefficient

Oswald efficiency factor

vector function of governing equations for
design system

= vector function of governing equations for
subsystem

global sensitivity coupling matrix

= cruise altitude, ft

= technology factor used in M, computation
= wing weight equation technology factor
= lift-to-drag ratio

Mach number

critical Mach number

drag divergence Mach number
ultimate load factor

range, nm

wing-mounted control surface area, ft*
landing distance, ft

takeoff distance, ft

wing area, ft*

specific fuel consumption, Ib/h/lb
required thrust, 1b

thrust-to-weight ratio

= wing thickness ratio

cruise speed, kt

takeoff rotation velocity, ft/s

cargo weight, Ib

engine weight, 1b

fuel weight used in climb segment, b
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Wi = fixed weight, Ib

Wwa = fuel weight, 1b

Wi = aircraft weight at beginning of cruise phase, 1b
W = takeoff gross weight, Ib

Wone = wing weight, 1b

X = independent design variable set

Y = vector set of dependent design variables

Ay s = wing quarter-chord sweep, deg

A = taper ratio

I. Introduction

IRCRAFT conceptual design is becoming an increas-

ingly complicated process. To achieve advances in per-
formance, each technology, or discipline, must be much more
highly integrated than in the past. In addition, designs of
interest often depart radically from past experience. The de-
signer is forced to confront many issues immediately, and the
initial decisions made will essentially dictate the cost and
schedule of the project. Under these conditions, the designer
needs tools that provide good insight into the key technology
integration issues at the earliest possible time. Rapid system
evaluation with good insight into the important design pa-
rameters is the key to a successful initial design.

Aircraft designers are acutely aware of the importance of
initial sizing and optimization. One well-known current method
for aircraft sizing is ACSYNT (Air Craft SYNThesis), which
was originally described by Vanderplaats,' and is undergoing
continual development.? Although extremely valuable, it would
be useful to provide the designer with a simpler, PC level,
very raptd means of focusing directly on the issues arising
from the integration of different disciplines in the complete
system.

The problem of understanding how to combine different
disciplines to achieve optimum designs has been addressed
by Sobieski and co-workers for several years. This work has
as its long-term goal the establishment of a rational means of
coupling the most powerful computational methodology avail-
able for each discipline. An overview of the work has been
given recently by Sobieski,” and the key idea of a global
sensitivity equation (GSE) method to define interactions be-
tween disciplines has been described in detail in Ref. 4. This
technique can provide an important alternative to more tra-
ditional sizing programs, even though it is intended to address
more detailed design problems. Applications of this meth-
odology have been described in Refs. 5-7. NASA experience
is described in Ref. 8.
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Analytic technology models have been demonstrated to
provide an excellent means of understanding technology
integration issues.” Using very simple algebraic models,
the key interactions between structures, propulsion, and
aerodynamics were demonstrated. Considering the value
of both simple and sophisticated analysis in design, it ap-
pears reasonable to combine both levels of simulation in
a single design methodology. This has been done using a
concept called ‘‘variable-complexity design” by Unger
et al.!" This concept can be applied in numerous ways to
the specific design problems. Another example is the “‘com-
bined global-local approximation” approach proposed by
Haftka."

This article describes an approach that combines aspects of
the methods described above for use by designers during early
stages of configuration feasibility studies. The purpose is to
provide insight into the key design issues with minimum effort.
Analytic technology models are defined, and the approach is
structured so that they can be replaced by improved models
as desired. Sobieski’s GSE method is then used to determine
the interactions between disciplines. With the gradients of the
design available from the GSE analysis, a numerical opti-
mization solution can be obtained.

After a review of the mathematical basis of the GSE method,
the technology models are defined. Using a short takeoff
heavy transport as an example, the results from both the GSE
analysis and the optimization are presented. Due to the sim-
plicity of the approach, results of nearly 100 optimizations are
used to illustrate the effects of various design variables, design
Mach number, takeoff distance, and wing section lift con-
straint.

II. Review of a Global Sensitivity Approximation

We describe the individual technologies, or disciplines, as
the subsystems to the entire aircraft being designed. These
subsystems include, e.g., aerodynamics, structures, and pro-
pulsion. Within each subsystem are the individual parameters
that are key to the design process. These include such items
as takeoff field length or wing weight.

In the traditional design approach, these subsystems would
be treated individually, allowing little or no communication
with the other subsystems in the process of gradient com-
putations in the optimization process. These disciplines are
highly coupled and this coupling must be captured to calculate
accurate and meaningful derivatives.

By coupling, it is meant that the influence of one discipline’s
output, or key parameter, on another discipline’s output is
measured and used to augment that parameter’s gradient with
respect to a certain design variable. For instance, a gradient
of takeoff gross weight with respect to a specific design var-
iable would normally involve a finite difference calling only
the weights subsystem. When this approach is taken, however,
the important influences of the aerodynamics subsystem are
not considered. The solution to the takeoff gross weight is an
iterative procedure that depends heavily on the relationship
betwecen these two disciplines. As a result, the coupling effects
between the two disciplines are quantified in the solution to
the GSEs. A system of only three subsystems is introduced
for simplicity, however, the approach may be generalized to
n subsystems.

The given problem of sizing an aircraft using W, as an
objective function subject to several design constraints can
be described as the solution to the set of equations given by
the technologies. With each technology represented as an
individual subsystem, the governing equations of the entire
system can be written as a vector function:

F(Y1.¥2,¥3,X) = 0 (1)

If we have entirely independent subsystems, we can use the
implicit function theorem'? to rewrite each subsystem in the

following manner:

Y1 = f1(¥2, ¥3. X) (2a)
Y2 = f2(Y1, ¥3, X) (2b)
Y3 = f3(Y1, ¥Y2. X) (2¢)

It is important to note here that each subsystem function
must be independent. By this, it is meant that a certain output
of a subsystem cannot depend on another output from the
same subsystem.

We can now linearize the system of equations shown in Eq.
(2) in the neighborhood of the solution using a Taylor series
expansion:

afl df 1 afl
Yl Y1, + X AX + °y2 AY2 + Y3 AY3 3

If we then rearrange the set of linearized equations to reflect
the form of Eq. (1), we can write

afl af'l af'l
Fl =Yl -Yl, - — - — - =
o X AX 2 AY2 T3 AY3 0
4)
and, thus
F=(FI1,F2,F3)T =0 (5)

We can write the Jacobian, or the global sensitivity coupling
matrix, from the system, Eq. (4) in the following form:

o, _arn vt
aY2 aY3
Y2 Y2
D T ©
a3 avs
| oY1 ay2 N

noting that each component of the matrix, Eq. (6) is a matrix
within itself.

If, e.g.. we have a number of subsystem parameters within
a certain discipline, then that one component within the GSE
matrix would look like the following:

[ ay1(1) aY1(1) 7|
ay2(1) aY2(ny2)
oY1 ‘ ,
m - : c.. : (7)
d¥Y1(nyl) aY1l(nyl)
| aY2(1) 0Y2(ny2) |

where each component of the Y1 and ¥2 vectors is a subsystem
parameter, such as cruise C,, or wing weight.

The matrix, Eq. (6). denoted as G here, is then used to
solve for the global sensitivities by using the local sensitivities
with respect to X as the right side(s):

[Dy1]  [ari]
DX X
DY?2 Y2
1\ Dx |~ | ax ®
DY3 a3
| DX | | 0X_|

There is a full set of these derivatives for every design
variable, therefore, Eq. (8) must be solved repeatedly for
each different right side. Since these are linear equations, this
can be done efficiently by factoring the G matrix only once,
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and back-substituting each right-hand side over it. Once the
global derivatives, or sensitivities, are found, this information
can then be supplied to the optimization routine for search
direction calculation.

III. Technology Models

In this analysis the aircraft W,, will be the key figure of
merit. W,, is defined to consist of

W,

to

=W,

wing

+ Waa + W,

eng

+ Wl’ix + W/'clm + Wuurgu (9)

The main purpose of this optimization procedure is to find
the wing design and engine size required to minimize the total
aircraft weight for the specified mission and field perfor-
mance. Components other than the wing and fuel weight were
taken to be either fractions of the takeoff weight, or pre-
scribed constants. For initial development, ACSYNT was used
to obtain accurate weight fractions.

A. Weights

1. Structures

The wing structural weight can be estimated using wing
weight equations. Several levels of approximation are avail-
able. The equation from Raymer'* is one example:

W~ 0.0051K §oemset AR (W)U + A
wing . o oW (I/C U4 €08 Ag s

TOOL

(10)

The weight prediction from this equation was checked against
data in Torenbeek!* for typical transports and found to be
accurate to within 2-3%.

2. Fuel Weight
The fuel weight for cruise is found using the Brequet range

equation:
w | R-sfc 1
Wia = Wiida - ¢ V(L/D) (D

3. Engine Weight

The engine weight is found based on a required thrust and
assuming a known thrust-to-weight ratio for the class of pro-
pulsion system selected. Thus, the engine weight is found from

Wee = Toof (TIW) (12)
Specific fuel consumption can be constant, or vary if infor-
mation is available.

4. Systems/Miscellaneous

The remaining weights can be defined as aircraft structure
and systems weight excluding the wing structural weight. This
weight can be expressed as a fraction of the takeoff gross
weight:

Wi = GiW,, (13)

fix

B. Aerodynamics

The aerodynamics technology level for an aircraft is given
by the drag polar:

Cp = Cn“ + Cp

erise

e F(CL L JTARE) (14)

The subsonic zero lift drag coefficient was estimated from
a turbulent skin friction form drag analysis taking into account
the entire aircraft wetted area. Effects of Mach number and
Reynolds number are easily incorporated.

The transonic wave drag model is based on Lock’s empir-
ically based approximation'*

Cl)wm'c = 20(M - A4r:ri!)4 (15)

which was recently derived theoretically by Inger.!* When M
is less than M, the wave drag is zero. Using the definition
of the drag divergence Mach number

dC[)wavc . 01 16
Y (16)

Mcm

can be found using Eq. (15) as

(173)
0.1
Mg = Mpp — I:%:l (17)

The drag divergence Mach number was found using the
Korn equation as extended to include sweep by Mason?:

k. () c,
Mo = K _ B .
PP cos A cos? A 10 cos® A (18)

Here. k, is a technology factor (range 0.87-0.95). This
expression provides the relation between the thickness and
sweep for transonic drag rise. This expression also contains
the effects of increasing takeoff weight and wing area through
the cruise lift coefficient.

This model was employed because of its ability to smoothly
reflect the changing drag divergence Mach number during the
design iterations. A comparison of the prediction from this
method with ACSYNT showed good agreement.

The aerodynamic model also includes a constraint on C,
based on C,. For a maximum value of the section lift coeffi-
cient and assuming a nearly elliptic spanload distribution, the
total aircraft lift coefficient limit is given by

c <7T\/)\(2—/\)
L-Eﬁ 1

(19)
This connects the section lift coefficient limit defined by the
level of aerodynamic technology to the total aircraft lift limit.

C. Performance

1. Takeoff

The takeoff distance is found from the rotation velocity
based on the takeoff weight and the field performance con-
figuration aerodynamics using estimates for rotation, transi-
tion, and climbout distances. This model is based on the anal-
ysis by Krenkel and Salzman.!”

2. Landing

The model for analyzing the landing performance was de-
veloped using the methods in Ref. 18. The ground roll uses
a constant deceleration, taking into account antiskid braking,
thrust reversing, ground spoilers, and speed brakes. The thrust
reversing model used assumes 40% of the maximum thrust
available for reversing.

IV. Subsystem Vectors and GSE Matrix

Each of the above technologies is considered an analysis
that contributes to the overall system. These technologies are
simply analytic expressions for the purpose of illustration.
However, they could be large, complicated, and somewhat
independent analysis routines that represent the most so-
phisticated computational methods for each technology or
discipline. The key is the relationship between the input and
the output information required for these technologies, and
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what each technology requires in terms of system information
(i.e., design variables).

To properly capture the relationships between disciplines,
the GSEs must be written in the format described in Eq. (6).
Thus, the technologies were placed in three separate subsys-
tems for use in the calculation of the global sensitivities. The
contents of each subsystem vector are

Yl = (Cln an Cl)ﬂ va Sidg)T
Y2 = (Wl’uclﬁ megﬂ chg’ Wﬁxv W/'C]m’ Wcurgo)T
Y3 = (W,)" (20)

We found that W, was required to be grouped separately
from the other weights. In finding the derivatives, care must
be taken to ensure that the proper dependent and independent
variables are maintained. Even though the takeoff weight is
simply the sum of the component weights, it is a separate
subsystem because it must contain the coupling effects of its
components.

The design variables were chosen to include the key pa-
rameters for optimization in conceptual aircraft design. Seven
design variables were chosen as the representative set for
optimization:

X = (AR, S.. h, M, A, tic, )T (21)

The takeoff gross weight was selected as the objective func-
tion for the optimization problem, although any of the com-
ponents (or a combination) of the Y can be selected as the
figure of merit. In addition to the objective function, the
constraints chosen were the takeoff distance and the attain-
able section lift coefficient in the cruise phase, as discussed
above.

The computer code was designed in an organized fashion
that followed the “*contributing analysis” thinking. An au-
tomated “*black box’ procedure was established that made
computing the local derivatives and the global sensitivity ma-
trix straightforward. By setting up the problem in a black box
fashion, every discipline was an independent routine that
modeled what might on a larger scale be an entirely separate
analysis program. The flow of data between these routines
was controlled such that the inputs of any one discipline were
strictly a function of the outputs of the other disciplines. Com-
munication between each discipline was done entirely through
these Y vectors.

V. Example Problem

A. Problem Statement

An example was selected to illustrate the method. In this
case, a short-takeoff, medium-range heavy, transport was used.
The appropriate optimization problem statement is given by

min f(x)
s.t. takeoff distance = max allowable takeoff distance
wing section lift coefficient
= max allowable section lift coefficient

I=x=<u (22)

Where f(x) is the objective function, taken here to be the
takeoff gross weight. According to appropriate technology
limitations in the field of structures and aerodynamics, suit-
able lower / and upper u bounds were placed on the design
variables.

B. Baseline Configuration

Table 1 shows the specified mission along with a suitable
candidate for the propulsion system. ACSYNT was used to

Table 1 Mission requirements

Cargo weight 150,000 Ib
Range 3,000 n.mi.
Takeoff distance 5,000 ft
Landing distance 4,000 ft

Propulsion 4 CF6 class turbofans, /W, = 6

establish a baseline model from the data. Because ACSYNT
is a fully developed and well-tested aircraft sizing software
package, it was used not only for the baseline estimates, but
also as a comparison code throughout the development of the
multidisciplinary process. Using published data for similar
aircraft,' a geometry module was created. A mission profile
was specified for the candidate aircraft based on a 3000-n.mi.
cruise range. This cruise range accounted for the base mission
range plus an extra distance to account for reserve fuel re-
quirements. The given initial estimates for the takeoff gross
weight and fuel weight came from this analysis. ACSYNT
also gave estimates of C,, that were used to verify the analytic
aerodynamic models.

Because the individual disciplines are actually sets of non-
linear, coupled equations,* a solution to these equations must
be obtained initially before the global sensitivity equations
can be calculated. The code incorporates a weight conver-
gence algorithm that iterates between each subsystem until
all the equations in each of the disciplines are satisfied. Fixed
point iteration was used to converge W, for a given cruise
range and set of design variables.

C. Solving the Global Sensitivity Equations

Once the subsystems were defined in terms of the tech-
nology models, and all the discipline interactions calculated
in the GSE matrix, the global derivatives were computed.
The local gradient of W, is zero for every design variable.
This comes from the formulation of the takeoff gross weight
as a separate subsystem. As specified, the Y3 subsystem does
not have design variables explicitly in the formulation, rather,
it is simply the sum of the elements in the Y2 discipline (the
component weights). As a result, when a derivative of W,
with respect to any of the design variables is computed using
finite differencing on that discipline alone, the gradient is
zero. However, when the interactions of the aerodynamics
and component weights subsystems are taken into account,
the resulting global derivatives reflect the actual total function
gradient.

D. Optimization

The optimization was performed using NLPQL,* a Fortran
implementation of a sequential quadratic programming method
for solving nonlinearly constrained optimization problems. At
each iteration the search direction is a solution of a quadratic
programming subproblem. NLPQL uses gradients of the ob-
jective function and the constraint functions obtained from
the solution of the global sensitivities as described in Eq. (8).

E. Results

Using the analytic models for the technology, many (thou-
sands) of optimization cases can be computed. For the general
case, Table 2 shows the design variables, objective function,
and constraints before and after the optimization. To achieve
the minimum weight solution for this problem, the optimizer
reduced the Mach number and unswept the wing. A large
weight savings was obtained. However, the resulting aspect
ratio is unreasonably high. For this result Raymer’s wing weight
equation was used. Other choices for this equation could be
used, producing different results, and this is discussed later.
Figure 1 shows the convergence history for the optimization
using all seven design variables. Note that even though the
weight is nearly converged at 17 iterations, the design vari-
ables are still changing until 24 iterations have been made.
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Table 2 Initial point vs optimized solution

Initial Final
Aspect ratio 7.00 22.65
Wing area, {t* 3,800 3,957
Cruise altitude, ft 39,600 35,936
Mach number 0.78 0.61
Midchord sweep, deg 21.0 1.0
Thickness ratio, t/c 0.10 0.18
Taper ratio 0.10 0.27
W, Ib 546,788 467,198
Takeoff distance, ft 6,301 5,000
Landing distance, ft 2,713 2,355
Cruise C, 0.8431 0.9621
Cruise C), 0.0714 0.0400
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Fig. 1 Convergence history for full design set.

F. Optimized Solutions for a Range of Mach Numbers

The results shown in Fig. 1 give information for one design.
Much more insight can be obtained by examining optimum
results over the range of a specified parameter. Mach number
is a good example. The effect of a mission-specified Mach
number, as would be given in a typical design request for
proposal, can be observed by fixing the Mach number and
optimizing the aircraft with respect to the reduced design
variable set. By implementing the optimization in this man-

ner, we can easily identify the tradeoffs of performance, aero-
dynamics, and structures as the wing evolves from a low-speed
design to a high-speed, transonic design.

Figure 2 shows a range of optimal solutions for specitied
Mach numbers from 0.5 to 0.9. Two cases are presented. The
first case shows the effect of imposing only the takeoff con-
straint (S,, = 5000 ft), whereas the second case includes the
takeoff constraint and the section lift coefficient constraint
(G, = 1.0).

The optimal solution presented in Table 2 is shown as the
minimum of the W, plot in Fig. 2. Increasing the Mach num-
ber above this value (0.61) results in an increased weight and
wing area. The results show a decreasing aspect ratio as the
wing area is sized for the takeoff constraint. At low Mach
numbers, the wing is unswept, but as the cruise Mach number
is increased the wing sweep suddenly starts increasing to al-
leviate the transonic drag effects. This effect can be compared
to a sweep schedule that is used for a variable sweep wing
aircraft such as the F-14 and F-111.?' From a structural stand-
point, the wing thickness is optimal at large values, however,
aerodynamically, a thick wing creates increased form and wave
drag.

The effect of adding the C, constraint is most apparent in
the taper ratio. For the first case, the taper ratio is reduced
to the imposed lower bound (0.1) to reduce the wing weight.
In the second case, however, the constraint limit imposed on
the aircraft lift coefficient is a function of the taper ratio.
Therefore, the addition of the C, constraint illustrates how
the optimizer uses taper ratio to meet the constraint limit
value optimally.

G. Effect of Limited Design Variable Set

Insight can also be gained into the relative importance of
design variables by examining the results of using limited sets
of design variables.

1. Casel

The design variables were limited to aspect ratio and wing
area:

X = (AR, Sw)" (23)

All other design variables were held constant and the cruise
Mach number was varied parametrically. The constraint limit
placed on the takeoff distance was 5000 ft, and the section
cruise C, limit was 1.0. The numerical results in Fig. 3 show
a decrease in the aspect ratio with increasing Mach. The wing
area decreased to a point where the takeoff constraint became
active, then remained at the required wing loading to mini-
mize the design while remaining within the feasible design
region. For this limited design variable case, the optimum
solution is found at a Mach number of 0.73.

2. Case 2
The design variable set was expanded to include sweep

X = (AR, Sw, A)T (24)

The optimum aircraft occurs for M = (.7, lower than case
1. The aspect ratio result shows the effect of the wing area
being sized by the takeoff constraint. The wing area is nearly
constant with Mach until the takeoff constraint becomes active
at M = 0.6. Further decreases in Mach result in a rapid
increase in the wing area.

As expected, to alleviate the transonic drag, the optimum
wing sweep increases with increasing Mach number.

3. Case 3
Wing thickness is added to the design variable set:

X = (AR. Sw. A, tlc)” (25)
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Fig. 2 Optimal solutions for a range of specified Mach numbers.

Several interesting results occur when the airfoil thickness
ratio is added to the set of design variables. First, there is an
obvious shift in technology focus from an aerodynamic design,
as shown in cases 1 and 2, to a structural design. By using
thickness as a design variable, the optimum solutions found
at low Mach numbers reflect a very high aspect ratio. This is
a direct result of the structural wing weight equation. As the
thickness is allowed to increase above the baseline, the wing
becomes lighter, thus allowing the higher aspect ratio designs
to become more feasible. However, aecrodynamically, the wing
sweep plot shows that with a thicker wing, more sweep is
needed at a given Mach number to account for the increased
transonic drag.

4. Case 4

Corresponding to the results of the Mach parametric study,
all the design variables except the Mach number were used.
These results were previously discussed above:

X = (AR, Sw, h, A, tlc, M) (26)

H. Technology Complexity: Effect of Wing Weight Models

By implementing more sophisticated routines for calculat-
ing the wing weight, the results can be compared to the simpler

analytic technology model. Three wing weight methods were
used to compute minimum weight designs. The first case used
Raymer’s’® wing weight equation, the second used McCul-
lers’,”> and-the third case used Nicolai’s* equation. McCul-
lers’ formulation is the most sophisticated, integrating esti-
mated span loads to arrive at bending moment distributions
and material factors. This equation results in the lowest weight
solution. The weight increases for wing area and aspect ratio
were different than in Raymer’s formulation. This led to higher
aspect ratio designs with lower wing areas. However, the
trends were the same. McCullers’ formulation was the most
flexible, allowing a more detailed representation of various
wing components.

Nicolai’s equation resulted in very high wing areas, which
led to very short takeoff distances and lower aspect ratios.
Nicolai’s equation, although similar in form to Raymer’s,
places different exponential powers on the important design
variables, resulting in a lower weight penalty due to wing
area:

ARM{+
[l()O(I‘/C‘)I‘ﬂil)(]()-—]6

(NW )(1&4)‘ 0.14
1O
cos A, ,

W,

wing

= 0.00428K Su#
@7
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Fig. 3 Effect of design variable set on optimum solution.

As a result of the different penalty factor, optimum designs
achieved using Nicolai’s equation have higher wing areas. The
complete set of results is contained in Ref. 24.

V1. Remarks and Conclusions
The approach to multidisciplinary optimization proposed
here for use at the conceptual/preliminary design level pro-
vides the designer with a wealth of information with a minimal
investment in time. To use the approach effectively we sum-
marize the lessons learned and resulting recommendations for
use of this approach.

A. Optimization

Smooth analytic models work best with optimization. Pre-
cise gradient information in the form of numerically accurate
tolerances are required. Considering technology model ac-
curacy, optimization exploits the peculiarities of any tech-
nology model.

B. Problem Formulation

Independent variables are sometimes hard to identify. An-
alytic models provide a fast way to examine the formulation
and results from the problem formulation. We decided to
make W,, a separate independent variable as a result of our
problem analysis at this stage.

C. Value of Parametric Optimized Solutions

This approach provides insight and context to the results.
We found that without parametric studies, erroneous opti-
mization solutions (local minima, uncertainty due to inaccu-
rate gradients) were very hard to identify. It is much easier
to identify explicitly the role of individual design variables
and constraints following this approach.

D. GSEs

Gradient information is controlled by the user and provided
to the optimizer. Explicit sensitivities are available for ex-
amination at each step.

We recommend that this approach always be used with
analytic models before using more exact numerical analysis.
Not only does it define the information flow exactly, but
valuable insights into both the problem formulation and the
behavior of the solution are available in days rather than
weeks using this approach. Also, this approach can provide
a starting point for optimization using more detailed calcu-
lation procedures.

The approach described here provides a means of bridging
the gap between formalized optimization methodology and
aircraft sizing programs that are currently in use, providing a
simple way of gaining greater insight into the problem of
aircraft design and initial sizing.
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