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This is the second part of a two-paper series that describes the derivation, development, and practical
application of a shape optimization method for aerodynamic design problems involving complex aircraft
configurations including multiple design points, subject to geometric constraints. The aerodynamic per-
formance is evaluated using the Euler equations discretized on body-conforming multiblock meshes. The
design process is greatly accelerated by the use of control theory for the calculation of sensitivity infor-
mation and the implementation of the method on distributed memory parallel computers. Whereas the
first paper of the series (Reuther, J. J., Jameson, A., Alonso, J. J., Rimlinger, M. J., and Saunders, D.,
"Constrained Multipoint Aerodynamic Shape Optimization Using an Adjoint Formulation and Parallel
Computers, Part 1," Journal of Aircraft, Vol. 36, No. 1, 1999, pp. 51-60) placed emphasis on the foun-
dations of the control theory approach and presented a general framework for the design of complex
configurations, this second paper focuses on the performance of the overall design method and its prac-
tical application to realistic design problems. More specifically, the accuracy of the adjoint-based sensi-
tivity information is examined and compared with the sensitivities provided by the finite difference
method. The parallel scalability of the design method is analyzed and demonstrated. Aerodynamic per-
formance improvements are obtained for example wing design problems using both multipoint drag
minimization and single-point inverse techniques. Design examples include both transonic and supersonic
cases and involve wing aerodynamic design in the presense of complex aircraft configurations with all
resulting configurations satisfying geometric constraints.

Introduction

T HE development of aerodynamic shape optimization
methods based upon computational fluid dynamics (CFD)

has become an important topic of research in recent years.
However, the true potential value of the technology resides in
its direct applicability to industrial design problems. Unlike
topics often examined by academia, these real-world design
challenges are frequently ill-defined and fraught with con-
straints that do not lend themselves to elegant mathematical
solutions. It is thus important that the overall flexibility and
robustness of the proposed shape design method are given due
consideration. The first part of this paper1 discusses the con-
vergence properties of the multiblock flow solver, followed by
a similar discussion of the convergence of the adjoint solver.
In this second part of the paper, a section is devoted to the
speed-ups attainable by the parallel design algorithm. A section
attending to an analysis of the accuracy achieved by adjoint-
based sensitivities follows. Finally, three test cases are pre-
sented that explore the overall ability of the design method to
treat real-world design challenges.
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Analysis of Flow Solver Convergence
Fast and robust flow solver convergence is an essential in-

gredient of a successful automatic design method. If the flow
solver cannot quickly produce accurate steady-state solutions,
the design method becomes unusable because of the ensuing
computational cost. Moreover, if the flow solver is unable to
produce converged solutions robustly for a variety of design
points (Mach numbers, angles of attack, and coefficients of
lift) and design shapes, the design process is bound to fail
because the accuracy in the calculation of the cost function
will be compromised and the numerical optimization algorithm
will be unable to produce meaningful improvements in the
existing design.

An additional requirement for the success of an automatic
design method is the ability of the flow solver to produce so-
lutions at a fixed coefficient of lift CL, robustly and efficiently.
Problems involving aerodynamic shape design at cruise con-
ditions often require that the computed lift remain fixed during
the design process. To preserve a fixed value of CL, it is com-
monplace to adjust the angle of attack of the configuration
periodically during the convergence of the flow solution. The
magnitude of the angle-of-attack adjustment is proportional to
the difference between the target CL and its current value. For
this iterative algorithm to converge quickly, it is important to
have a flow solver that rapidly develops a good approximation
to the total lift of the configuration. In our method, this prop-
erty is satisfied with Jameson's implementation of the multi-
grid method.2

The convergence properties of the parallel multiblock flow
solver are examined in this section. The geometry chosen for
this analysis is a full-configuration business jet composed of
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wing, fuselage, pylon, nacelle, and empennage. The inviscid
multiblock mesh around this configuration follows a general
C-O topology with special blocking to capture the geometric
details of the nacelles, pylons, and empennage. A total of 240
point-to-point matched blocks with 4,157,440 cells (including
halos) are used to grid the complete configuration. This mesh
allows the use of four multigrid levels obtained through re-
cursive coarsening of the initial fine mesh. The upstream,
downstream, upper, and lower far-field boundaries are located
at an approximate distance of 15 wing semispans, whereas the
far-field boundary beyond the wing tip is located at a distance
approximately equal to 5 semispans. An engineering-accuracy
solution (with a decrease of 4 orders of magnitude in the av-
erage density residual) can be obtained in 100 multigrid cycles.
This kind of solution can be routinely accomplished in under
20 min of wall clock time using 32 processors of an SGI Or-
igin2000 computer. Figure 1 shows a close-up view of the
configuration in question; the block boundaries appear as dark
lines.

The convergence properties of the flow solver are clearly
demonstrated in Fig. 2. This figure shows the convergence
history of a typical fixed angle-of-attack flow calculation. The
average rms density residual decreases by 6 orders of magni-
tude in approximately 280 cycles. As discussed in Part I1 of
this series, this fast convergence is achieved using a combi-

Fig. 1 Closeup view of typical business jet configuration, black
lines show block boundaries.

nation of multigrid and the damping properties provided by a
modified Runge—Kutta time-stepping scheme. The figure also
shows a typical convergence history for the case in which the
angle of attack is periodically adjusted to obtain a specified
coefficient of lift. At the points in the convergence history
where the angle of attack is changed (every 20 multigrid it-
erations after iteration 60), a small increase in the average
residual of the calculation is observed. Despite these periodic
convergence setbacks, the residual of the calculation still de-
creases by six orders of magnitude in the same number of
cycles as for the fixed angle-of-attack case. The convergence
histories in Fig. 2 show that the current multiblock flow solver,
FLO87-MB, meets the strict requirements necessary for a prac-
tically useful computational design method.

Analysis of Adjoint Solver Convergence
Because the design method presented here uses the solution

of an adjoint equation to minimize the computational expense
of calculating the sensitivities of the cost function, the numer-
ical procedures used to discretize and solve the adjoint equa-
tion must also meet certain requirements of accuracy, conver-
gence, and robustness.

The adjoint equation is a linear partial differential equation
with constant coefficients that are derived from the values of
the steady-state flow solution. Because of the difference in
character between the flow and adjoint equations (nonlinear vs
linear), different numerical methods could be used to solve
each set efficiently. However, for simplicity of implementation,
it is convenient to use the same numerical techniques for both
the flow and adjoint solvers. In this work, a Runge-Kutta
time-marching multigrid strategy is also used for the solution
of the adjoint equation. This approach has been shown to pro-
vide satisfactory convergence rates in previous works by the
authors.3"5

In the present study, the same mesh used for the flow solver
convergence analysis is employed to examine the convergence
properties of the parallel multiblock adjoint solver. Figure 3
shows a typical convergence history of the average residual in
the first adjoint variable. As we can see, multigridding provides
for rapid convergence of the solution. The robustness of the
adjoint solution procedure is demonstrated by the fact that the
magnitude of the average residual typically decreases by two
orders in approximately 100 multigrid cycles. As will be
shown later, to obtain accurate gradients through the adjoint-
based approach, only a moderate level of convergence in the
adjoint equations is required. Therefore, Fig. 3 shows that the
current discretization of the adjoint equations fulfills the con-
vergence requirements that the design method imposes on the
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Fig. 2 FLO87-MB convergence history of the flow solver for
fixed angle of attack and fixed coefficient of lift calculations.

Fig. 3 Typical convergence history of the adjoint solver, ADJ87-
MB.
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numerical procedure. The issue of numerical accuracy will be
treated later in this paper but has also been addressed in pre-
vious publications. The reader is encouraged to examine Refs.
6-8 for more details.

Parallel Performance and Scalability
Despite the fact that adjoint-based design methods drasti-

cally decrease the computational cost of aerodynamic shape
optimization, the ability to perform useful design work still
relies on the use of supercomputing resources. The need for
these resources is a direct consequence of the very fine com-
putational meshes required to obtain accurate flow and adjoint
solutions when using high-fidelity mathematical models.
Moreover, design calculations must have short enough turna-
round times such that they can comfortably fit within an in-
dustrial design cycle.

A cost-effective option for this kind of design calculation is
to use distributed computing platforms such as an integrated
parallel computer or a network of workstations. For the large

15 20
Number of Processors

Fig. 4 Scalability study for multiblock design method. Parallel
speed-up of SYN87-MB.
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Fig. 5 Finite difference gradients on medium mesh for flow
solver convergence of 4, 5, 6, and 7 orders of magnitude in the
density residual. Accuracy for different levels of flow solver con-
vergence. Step size = 0.0001.

mesh sizes required in this research, high parallel efficiencies
can be achieved for large numbers of processors using a do-
main decomposition strategy. The computational mesh is sub-
divided into a number of smaller subdomains that are each
assigned to a different processor in the parallel computer. Be-
cause of the physical distribution of the data, the need for
communication among processors arises. Nevertheless, pro-
vided that the amount of work performed by each processor
is large compared with the time spent communicating between
processors, the parallel performance of the method will be
high.

The multiblock strategy adopted in this work, and discussed
in detail in Part I,1 allows the independent update of the in-
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Fig. 6 Finite difference gradients on medium mesh for step sizes
= 0.001 and 0.0001. Seven orders of magnitude in the density re-
sidual. Accuracy for different step sizes.
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Fig. 7 Continuous adjoint gradients on medium mesh for flow
solver convergence of 3, 4, 5, 6, and 7 orders of magnitude in the
density residual. Fixed adjoint solver convergence level: 2.5 orders
of magnitude. Accuracy for different levels of flow solver conver-
gence.
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ternal cells of every block in the mesh by using halo or ghost
cells. The vast majority of the communication cost is associ-
ated with the transfer of the flowfield values between blocks
to fill these halos. The update procedure is repeated at several
points in each flow or adjoint solver iteration using message
passing.

Efficient parallel computation on a set of distributed pro-
cessors is achieved by a combination of minimizing the over-
head of communication between these processors and balanc-
ing the partitioned work load among them. The first obvious
choice to improve parallel performance is then to minimize the
amount of communication required between processors. This
includes minimizing the number of messages sent and received

1.0 orders
1.5 orders
2.0 orders

- — 2.5 orders
—— 3.0 orders

1
G

0 5 10 15 20

Variable
Fig. 8 Continuous adjoint gradients on medium mesh for adjoint
solver convergence of 1, 1.5, 2, 2.5, and 3 orders of magnitude.
Fixed flow solver convergence level: seven orders of magnitude.
Accuracy for different levels of adjoint solver convergence.

(latency) as well as the total amount of data to be transferred
(bandwidth). Further improvements may be achieved by using
other techniques such as latency hiding and scheduled com-
munication, if either the problem or the specific architecture
of the distributed platform allows it.9 The second approach to
improve the parallel performance of the implementation is to
use a load-balancing strategy that correctly accounts for the
total amount of work performed by the processors.

For the explicit multistage multigrid time-stepping algorithm
used in the present implementation, the computational work
performed by a processor is proportional to the number of cells
contained in its mesh partition. The time spent communicating
with other processors depends on the exposed surface area of
the mesh partition in a given processor. As the number of
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Fig. 10 Comparison of adjoint and finite difference gradients on
coarse mesh. Adjoint gradient convergence: flow solver/adjoint
solver = 6.2/2.5 orders of magnitude. Finite difference gradients:
flow solver convergence/step size = 6.2 orders/0.0001.
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Fig. 9 Comparison of adjoint and finite difference gradients on
medium mesh. Adjoint gradient convergence: flow solver/adjoint
solver = 7/3.5 orders of magnitude. Finite difference gradients:
flow solver convergence/step size = 7 orders/0.0001.
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Fig. 11 Comparison of adjoint and finite difference gradients on
fine mesh. Adjoint gradient convergence flow: solver/adjoint
solver = 6/3.5 orders of magnitude. Finite difference gradients:
flow solver convergence/step size = 6 orders/0.0001.
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processors in the calculation grows, the individual mesh par-
titions get progressively smaller. The ratio of surface area to
volume increases, and the parallel performance decreases. A
load-balancing scheme that accounts for not only the compu-
tational load, but also the communication time will produce
parallel algorithms with better scalability. Both avenues of im-
provement were explored in the parallel implementation of our
design method. Details can be found in Ref. 9.

Figure 4 shows the result of a scalability study performed
using the complete configuration mesh described earlier. Be-
cause the current parallel implementation is such that the con-
vergence history of the flow and adjoint solvers is identical
regardless of the number of processors used, the results pre-
sented translate directly into wall clock time improvements.
The figure shows the excellent scalability properties of the
flow solver. For 32 processors, the achieved speed-up is 27.7.
It must be mentioned that, for this particular mesh that contains
blocks of varying sizes, it was impossible to distribute the
computational load perfectly among 32 processors. The highest
speed-up that could be hoped for was 29.5 in this case (if the
communication time is assumed to be nonexistent).

Accuracy and Efficiency of Adjoint Sensitivities
The most critical element in determining the validity of ad-

joint-based sensitivities is the establishment of their accuracy
level. As discussed in Part I1 of this series, two main alter-
natives for the development of the adjoint equations exist: the
continuous and the discrete approaches. The discrete approach,
if rigorously implemented, will produce gradients that exactly
match those obtained by using accurate finite differences.
Thus, comparing such gradients serves as a consistency check
for the method. In the case of the continuous approach that
we use throughout this work, gradient comparisons have a dif-
ferent interpretation. The adjoint equations derived in the dis-
crete approach may be thought of as one of the possible dis-
cretizations of the continuous adjoint equations. Therefore,
unless this particular discretization of the continuous adjoint
equations is used, the gradients produced using the continuous
approach will differ from those obtained by finite differencing
in proportion to the truncation error of the approximation. For
example, if the schemes used to discretize the flow and adjoint
equations are both second-order accurate, the differences be-
tween the discrete and continuous adjoint solutions should also
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d)
Fig. 12 Business jet configuration. Inverse design wing design to target pressure distribution. M = 0.82, CL = 0.30, 108 Hicks-Henne
variables and no active constraints. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. ——, initial pressures; *—, targets; and
——, pressures after 18 design cycles.
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be of second order. Consequently, the differences between the
two formulations should vanish in the limit of zero mesh
width. This conclusion, which has been demonstrated in the
recent work of Anderson and Venkatakrishnan,10 can be helpful
in determining the proper mesh resolution required for accu-
racy in the adjoint solution; if a properly implemented contin-
uous adjoint formulation fails to provide sensitivity informa-
tion that closely matches the result of finite differencing, the
probable cause is that the cost function being evaluated is
poorly resolved on the mesh in question.

In this section, the gradients resulting from our adjoint im-
plementation are compared with those obtained from finite dif-
ferencing. Finite difference gradients are subject to two classes
of error: numerical cancellation error (error caused by inac-
curacies in cost function because of the lack of solver con-
vergence and machine precision) and gradient discretization
(truncation) error (error caused by the discrete finite difference
approximation used to estimate the gradient). To address these
issues, a short study is performed to establish the level of con-
vergence and discrete step size necessary to produce accurate

gradients. These finite difference gradients are then compared
with those obtained by using the current adjoint implementation.

To perform this gradient check, an inverse wing design test
problem is defined. Although only the pressures on the surface
of the wing are driven toward a target, the design is carried
out in the presence of a fuselage and nacelle. The same gra-
dient calculation is carried out on a sequence of coarse, me-
dium, and fine meshes containing 157,676, 734,976, and
4,280,320 cells, respectively. These cell counts include all halo
cells. The medium and coarse meshes are obtained by recur-
sively taking alternate points in the original fine mesh in each
coordinate direction. The medium mesh is used to study the
effect of flow solver convergence and step size, whereas all
three meshes are used to determine the mesh sensitivity of the
gradients. Figures 5 and 6 show the values of gradient com-
ponents obtained using one-sided differencing for different
values of flow solver convergence and step size. Only the first
30 out of a total of 108 Hicks-Henne design variables are
compared because of the prohibitive computational cost of cal-
culating all gradient components using finite differences. It can

i——i i——i——i——i——i——i——i——i——i——i——i
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c) d)

Fig. 13 Business jet configuration with the multipoint drag minimization at fixed lift. Design point 1, M = 0.81, CL = 0.35, 90 Hicks-
Henne variables, and spar constraints active. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. ——, initial pressures; and ——,
pressures after five design cycles.
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c)

Fig. 14 Business jet configuration. Multipoint drag minimization at fixed lift. Design point 2, M = 0.82, CL = 0.30, 90 Hicks -Henne
variables, and spar constraints active. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. -—, initial pressures; and ——, pressures
after five design cycles.

be seen from Fig. 5 that, for a step size of 0.0001, a flow
solver convergence level of at least 6 orders of magnitude is
necessary to achieve accurate gradients. For a flow solver con-
vergence of 7 orders of magnitude in the average residual, Fig.
6 indicates that the discretization error is acceptably small for
step sizes smaller than 0.001. From the results in these figures,
one can be certain that if a convergence level of 7 orders of
magnitude and step sizes of 0.0001 are used for the calculation
of finite difference gradients, the sensitivities will be accurate
and provide a good reference for comparison with sensitivities
obtained using the continuous adjoint method.

Adjoint-based gradients must also be resolved properly to
ensure realistic comparisons. In contrast with using the finite
difference method, gradients obtained via the adjoint method
do not contain a gradient discretization error because they are
independent of step size. Instead, they have sources of nu-
merical cancellation error resulting from inadequate conver-
gence of the flow and/or adjoint solvers. Thus, by examining
the levels of convergence in both systems, it is possible to
obtain adjoint sensitivities that are accurate given the choice
of discretization for the overall adjoint system and the choice

of mesh resolution. Figure 7 shows the dependence of the con-
tinuous adjoint gradients on the flow solver convergence,
whereas Fig. 8 shows their dependence on the level of con-
vergence of the adjoint solver. From these figures we can con-
clude that accurate gradient information can be obtained using
the continuous adjoint formulation provided that the flow and
adjoint solvers are converged by at least four and two orders
of magnitude, respectively. It is thus apparent that the level of
convergence required to obtain accurate gradient information
with the continuous adjoint formulation is drastically lower
than that necessary in the finite difference method. This relax-
ation of the convergence requirement makes the use of an ad-
joint formulation even more attractive. Reference 6 provides
an explanation of the mechanisms by which accurate gradient
information can be obtained with moderate convergence in
both the flow and adjoint systems.

Figure 9 compares adjoint and finite difference sensitivities
for the medium mesh case. The flow solver was converged 7
orders of magnitude in both approaches. The costate system
was converged 3 orders of magnitude, and a constant step size
of 0.0001 was chosen for the calculation of the finite difference
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Fig. 15 Business jet configuration. Multipoint drag minimization at fixed lift. Design point 3, M — 0.83, CL = 0.25, 90 Hicks-Henne
variables, and spar constraints active. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. ——, initial pressures; and ——, pressures
after five design cycles.

gradients. Because these choices of convergence tolerances
and step sizes should eliminate all sources of numerical can-
cellation and gradient discretization errors from the compari-
sons, the explanation of the small discrepancies evident in Fig.
9 must be a consequence of the difference in discretization
between the adjoint system used in this work and the discret-
ization that would have been obtained via a discrete adjoint
implementation. It should now be possible to show that the
differences between the adjoint and finite difference sensitiv-
ities will diminish as the mesh is refined. Figures 10 and 11
show comparisons of the same gradients for both the coarse
and fine meshes with convergence tolerances adequately ad-
justed to provide low numerical errors on each mesh. It is
apparent from these comparisons that, while the general char-
acter of the gradients remains the same in all three meshes,
there is a tendency for the relative magnitudes of the individual
gradient components to increase as the mesh is refined. This
suggests that the cost function of the design problem may not
be properly resolved on any of the meshes explored here.
However, the figures do show that the discrepancy between
the adjoint and finite difference gradients decreases as the

mesh is refined. The <££2 norm of the difference between the
most accurate finite difference gradients and the sensitivities
obtained using the adjoint formulation on each of the three
meshes is computed to be 0.010883, 0.009506, and 0.002684
for the coarse, medium, and fine meshes, respectively. The
reduction in the norm of the error as the mesh is refined sup-
ports the assertion that the continuous adjoint method is con-
sistent with other techniques of obtaining sensitivities in the
limit of infinite mesh density.

Design Test Cases
Beyond the discussions of convergence, parallel scalability,

and gradient accuracy, the true test of a design method is its
success in treating problems of interest. In this section, three
illustrative design examples are presented to demonstrate the
versatility and capabilities of our aerodynamic shape optimi-
zation method.

Wing Inverse Design with a Complete Aircraft Configuration
In the first test case, inverse design is performed on the wing

of a business jet in transonic flow. The problem is essentially
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Fig. 16 Business jet configuration. Single point vs multipoint drag minimization at fixed lift. Design point 1, M = 0.81, CL = 0.35, 90
Hicks -Henne variables, and spar constraints active. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. ——, single-point design
pressures; and ——, multipoint design pressures.

the same as that outlined earlier for examining the gradient
accuracies. Again, wing target pressure distributions are spec-
ified and design variables are chosen to modify the wing. The
main difference is that, to ensure the accuracy of the resulting
design, the very fine complete configuration mesh used earlier
to demonstrate the flow solver convergence properties replaces
the wing/body/nacelle mesh employed in the gradient studies.
For demonstration purposes, the target pressure distributions
are taken from a wing geometry that has shown to have lower
drag at M = 0.82 and CL = 0.30.11 This choice of the target,
which would not normally be available in a production-design
environment, serves as an excellent test case because it ensures
that the design is realizable and that it will result in an im-
provement in performance. The initial wing was designed for
M = 0.80 and CL - 0.30 and, thus, experiences a significant
drag rise at Mach = 0.82.

The design process is driven by the modification of 108
Hicks-Henne design variables chosen to perturb an underlying
wing geometry entity. The wing geometry is defined by 14
airfoil sections, with 18 design variables applied to six of these
sections. Linear lofting between the sections where the design

variables are applied governs the changes at the remaining
sections. A fuselage geometry entity is also present but serves
only in the calculation of new wing-body intersection loca-
tions as the design algorithm proceeds. To permit the design
to converge fully on the realizable target, no constraints are
imposed on the design process.

Figure 12 shows the initial, final, and target airfoil geome-
tries and their associated coefficient of pressure Cp distribu-
tions. It is noted that in a true design environment the target
shape would not be known as it is here. The design process
was run for 18 design cycles with the resulting design almost
exactly matching the target. Further improvements were pos-
sible, but did not warrant the added computational costs. In-
deed 95% of the reduction in the cost function [/ = -j / (p —
pd)2 ds] seen in Fig. 12 was obtained in the first nine design
cycles.

Transonic Multipoint Constrained Aircraft Design
As a second test case of the aerodynamic shape optimization

method, the transonic business jet configuration is re-examined
in the context of drag minimization. The medium mesh seen
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Fig. 17 Business jet configuration. Single point vs multipoint drag minimization at fixed lift. Design point 2, M = 0.82, CL = 0.30, 90
Hicks -Henne variables, and spar constraints active. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. ——, single-point design
pressure; and ——, multipoint-design pressures.

in the gradient accuracy tests is used for this design example.
The objective of the design is to alter the geometry of the wing
to minimize the configuration inviscid drag at three different
flight conditions simultaneously. Realistic geometric spar
thickness constraints are enforced.

The initial configuration was designed for M = 0.8 and CL
= 0.3. The three operating points chosen for this design are M
= 0.81 with CL = 0.35, M = 0.82 with CL = 0.30, and M =
0.83 with CL - 0.25. For each of the design points, both Mach
number and lift coefficient are held fixed. To demonstrate the
advantage of a multipoint design approach, the final solution
at the middle design point will be compared with a single point
design at the same conditions. The underlying geometry enti-
ties chosen for this example consist of separate wing and fu-
selage components. As the geometry of the wing is modified,
the design algorithm computes new wing—fuselage intersec-
tions. The wing component is made up of six airfoil defining
sections. Eighteen Hicks-Henne design variables are applied
to five of these sections for a total of 90 design variables. The
sixth section at the symmetry plane is not modified. Spar thick-
ness constraints were also enforced on each defining station at
the x/c = 0.2 and = 0.8 locations. Maximum thickness was

forced to be preserved at x/c = 0.4 for all six defining sections.
To ensure an adequate included angle at the trailing edge, each
section was also constrained to preserve thickness at x/c =
0.95. Finally, to preserve leading-edge bluntness, the upper
surface of each section was forced to maintain its height above
the camber line at x/c = 0.02. Combined, a total of 30 linear
geometric constraints were imposed on the configuration.

Figures 13-15 show the initial and final airfoil geometries
and Cp distributions after five NPSOL design iterations. It is
evident that the new design has significantly reduced the shock
strengths on both upper and lower wing surfaces at all design
points. The transitions between design points are also quite
smooth. For comparison purposes, a single-point drag mini-
mization study (M = 0.81 and CL = 0.25) is carried out starting
from the same initial configuration and using the same design
variables and geometric constraints.

Figures 16-18 show comparisons of the solutions from the
three-point design with those of the single-point design. Inter-
estingly, the upper surface shapes for both final designs are
very similar. However, in the case of the single-point design,
a strong lower surface shock appears at the M = 0.83, CL =
0.25 design point. The three-point design is able to suppress
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Fig. 18 Business jet configuration. Single point vs multipoint drag minimization at fixed lift. Design point 3, M = 6.83, CL = 0.25, 90
Hicks-Henne variables, and spar constraints active. Span station z = a) 0.190, b) 0.475, c) 0.665, and d) 0.856. ——, single-point design
pressures; and ——, multipoint design pressure.

Table 1 Drag reduction of single and multipoint designs

Mach

0.81
0.82
0.83

CL

0.35
0.30
0.25

Initial

1.00257
1.00000
1.08731

Relative CD

Single-
point
design

0.85003
0.77350
0.81407

Three-
point

design

0.85413
0.77915
0.76836

the formation of this lower surface shock and achieves a nine-
count drag benefit over the single-point design at this condi-
tion. However, it has a one-count penalty at the single-point
design condition. The three-point design features a weak single
shock for one of the three design points and a very weak dou-
ble shock at another design point. Table 1 summarizes the drag
results for the two designs. The CD values have been normal-
ized by the drag of the initial configuration at the second de-
sign point.

Before proceeding to the next section, it should be noted
that these business jet design examples are only representative
of the potential for automated design, and are not intended to

provide designs for actual construction. Firstly, in each case,
only five NPSOL design steps were taken when a larger num-
ber could have yielded designs with further improvements.
More importantly, for the case of transonic designs, the inclu-
sion of viscous effects may prove to have an important impact
on the optimized shape. Preliminary use of the Navier- Stokes
equations has already started for transonic design studies, in
place of the Euler equations solved here.

The results of the multipoint design example illustrate a
well-established fact: single-point designs typically achieve
high-cost function improvements at the expense of off-design
performance. Multipoint designs achieve more moderate im-
provements that are spread over a larger range of operating
conditions. It is this latter attribute that is more desirable in
real-life configurations.

Supersonic Constrained Aircraft Design
For supersonic design, provided that turbulent flow is as-

sumed over the entire configuration, the inviscid Euler equa-
tions suffice for aerodynamic design because the pressure drag
is not greatly affected by the inclusion of viscous effects.
Moreover, flat-plate skin friction estimates of viscous drag are
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Fig. 19 Supersonic transport configuration, Iso-Cp contours on upper and lower surfaces, baseline and optimized designs, and M = 2.2,
CL = 0.105: a) lower and b) upper surface.

often very good approximations. In this study, the generic su-
personic transport configuration used in Ref. 12 is revisited.

The baseline supersonic transport configuration was sized to
accommodate 300 passengers with a gross takeoff weight of
750,000 Ib. The supersonic cruise point is Mach 2.2 with a CL
of 0.105. Figure 19 shows that the planform is a cranked-delta
configuration with a break in the leading-edge sweep. The in-
board leading-edge sweep is 68.5 deg, whereas the outboard
is 49.5 deg. Because the Mach angle at M = 2.2 is 63 deg, it
is clear that some leading-edge bluntness may be used inboard
without a significant wave drag penalty. Blunt leading-edge
airfoils were created with thickness ranging from 4% at the
root to 2.5% at the leading-edge break point. These symmetric
airfoils were chosen to accommodate thick spars at roughly
the 5 and 80% chord locations over the span up to the leading-
edge break. Outboard of the leading-edge break, where the
wing sweep is ahead of the Mach cone, a sharp leading edge
was used to avoid unnecessary wave drag. The airfoils were
chosen to be symmetric, biconvex shapes modified to have a
region of constant thickness over the midchord. The four-en-
gine configuration features axisymmetric nacelles tucked close
to the wing lower surface. This layout favors reduced wave
drag by minimizing the exposed boundary-layer diverter area.
However, in practice, it may be problematic because of the
channel flows occurring in the juncture region of the diverter,
wing, and nacelle at the wing trailing edge. The leading-edge
heights of the diverters are determined by the local boundary-
layer displacement thickness such that entrainment of bound-
ary-layer flow into the engines is avoided. Because the dis-
tances from the wing leading edge to the diverter leading edge
are different for the two nacelles, this results in a correspond-
ing diverter height difference.

The computational mesh on which the design is run has 180
blocks and 1,500,000 mesh cells (including halos), whereas the
underlying geometry entities define the wing with 16 sectional
cuts and the body with 200 sectional cuts. In this case, where
we hope to optimize the shape of the wing, care must be taken
to ensure that the nacelles remain properly attached with diverter
heights being maintained. To accomplish this without the inclu-
sion of additional geometry entities, the portions of the nacelles
and diverters that are actually below the wing planform outline
take their associated surface mesh point motion from their pro-
jected locations on the lower surface of the wing.

The objective of the design is to reduce the total drag of the
configuration at a single design point (M = 2.2, CL = 0.105)
by modifying the wing shape. Just as in the transonic cases,
18 design variables of the Hicks-Henne type are chosen for
each wing defining section. Similarly, instead of applying them
to all 16 sections, they are applied to eight of the sections and
then lofted linearly to the neighboring sections. Spar thickness
constraints are imposed for all wing defining sections at xlc =
0.05 and 0.8. An additional maximum thickness constraint is
specified along the span at xlc = 0.5. A final thickness con-
straint is enforced at xlc - 0.95 to ensure a reasonable trailing-
edge included angle. An Iso-Cp representation of the initial
and final designs is depicted in Fig. 19 for both the upper and
lower surfaces.

It is noted that the strong oblique shock evident near the
leading edge of the upper surface on the initial configuration
is largely eliminated in the final design after five NPSOL de-
sign iterations. Also, it is seen that the upper surface pressure
distribution in the vicinity of the nacelles has formed an un-
expected pattern. However, recalling that thickness constraints
abound in this design, these upper surface pressure patterns
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Fig. 20 Supersonic transport configuration. Drag minimization at fixed lift M = 2.20, CL = 0.105, 144 Hicks -Henne variables, and spar
constraints active. Span station z = a) 0.194, b) 0.387, c) 0.581, and d) 0.775. ——, initial pressures; and ——, pressures after five design cycles.

are assumed to be the result of sculpting of the lower surface
near the nacelles that affects the upper surface shape via the
thickness constraints. For the lower surface, the leading edge
has developed a suction region while the shocks and expan-
sions around the nacelles have been somewhat reduced. Figure
20 shows the pressure coefficients and (scaled) airfoil sections
for four sectional cuts along the wing. These cuts further dem-

onstrate the removal of the oblique shock on the upper surface
and the addition of a suction region on the leading edge of the
lower surface. The airfoil sections have been scaled by a factor
of 2 so that shape changes may be seen more easily. Most
notably, the section at 38.7% span has had the lower surface
drastically modified such that a large region of the aft airfoil
has a forward-facing portion near where the pressure spike
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from the nacelle shock impinges on the surface. The final over-
all pressure drag was reduced by 8%, from CD - 0.0088 to
0.0081.

Conclusions
In this paper, we have shown how the detailed wing design

of both transonic and supersonic aircraft configurations in-
cluding airframe/nacelle integration effects can be accom-
plished in a routine fashion for multiple design points and with
the inclusion of geometric constraints. While the results pre-
sented in this paper have been restricted to the inviscid Euler
equations, this limitation will soon be overcome in our future
work. The focus here was to demonstrate the feasibility of
realistic designs governed by simple geometry entities that are
assembled and treated during the design process. Furthermore,
with the proven coupling to NPSOL and the addition of mul-
tiple design-point capability, the door is truly open for the
method to act as a crucial element of a high-fidelity multidis-
ciplinary optimization technique capable of revolutionizing air-
craft design.

In the period since the current approach to optimal shape
design was first proposed, the method has been verified by
numerical implementation for both potential flow and flows
governed by the Euler equations. The extension to treat the
Navier—Stokes equations has also been carried out and is cur-
rently under study. Furthermore, results have been presented
for three-dimensional calculations using both analytic map-
pings and general finite volume implementations for the cal-
cglation of the gradients. Recently, the technique has been
adopted by some industry participants to perform the aerody-
namic design of future configurations. With the parallel imple-
mentation of the multiblock design algorithm now in hand, the
technology has advanced to the degree that aerodynamic shape
design of complete aircraft configurations with very rapid turn-
around is possible.

All analysis and design cases in this study were performed
on parallel architectures using <1 day of computer time. This
demonstrates that complete configuration designs may be
achieved with rapid turnaround even with the most conserva-
tive estimates of available computational resources. In future
efforts, additional disciplines will be coupled into the tech-
niques presented here while work continues on the more sys-
tematic treatment of complex geometries and optimization

strategies, on unstructured grid approaches, and on the inclu-
sion of viscous effects.
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