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The conceptual/preliminary design of supersonic jet configurations requires multidisciplinary analyses tools,

which are able to provide a level of flexibility that permits the exploration of large areas of the design space. High-

fidelity analysis for each discipline is desired for credible results; however, the corresponding computational cost can

be prohibitively expensive, often limiting the ability to make drastic modifications to the aircraft configuration in

question. Our work has progressed in this area, and we have introduced a truly hybrid, multifidelity approach in

multidisciplinary analyses and demonstrated, in previous work, its application to the design optimization of a low-

boom supersonic business jet. In this paper, we extend our multifidelity approach to the design procedure and

present a two-level design of a supersonic business-jet configuration, in which we combine a conceptual low-fidelity

optimization tool with a hierarchy of flow solvers of increasing fidelity and advanced adjoint-based sequential

quadratic programming optimization approaches. In this work, we focus on the aerodynamic performance aspects

alone: no attempt is made to reduce the acoustic signature. The results show that this particular combination of

modeling anddesign techniques is quite effective for our design problemand the ones in general and that high-fidelity

aerodynamic shape optimization techniques for complex configurations (such as the adjoint method) can be

effectively used within the context of a truly multidisciplinary design environment. Detailed configuration results of

our optimizations are also presented.

CD = drag coefficient
CDPASS

= drag coefficient computed by PASS
CDRS

= drag coefficient computed by response surface
CL = lift coefficient
D=T = drag-to-thrust ratio
L=D = lift-to-drag ratio
Mn = freestream Mach number normal to the wing
M1 = freestream Mach number
Sref = wing reference area
t=c = thickness ratio
�A502�FE = difference in CD between PASS A502 and Euler

analyses
�PASS�A502 = difference in CD between PASS and A502

analyses
� = wing quarter-chord sweep
� = tail quarter-chord sweep

I. Introduction

P REVIOUS work in the design of supersonic jet configurations
has focusedmostly on separate efforts at either the conceptual or

the preliminary design stages. Conceptual design tools permit large
variations in the design and use relative inexpensive multidisci-
plinary analyses (MDAs). Preliminary design tools incorporate
higher levels of fidelity (particularly in the aerodynamics) but can be
quite costly. Traditionally it has been sufficient to follow a sequential
process by which a rough configuration is developed during the
conceptual design phase and it is later refined using preliminary

design tools. The key question that we are revisiting in this paper is
whether this sequential conceptual/preliminary design process is
adequate for supersonic aircraft when the participating disciplines
are closely coupled or whether higher fidelity tools need to be
included early on to ensure that the outcome of the conceptual
designs can be believable and used for further design work. In some
senses, we are proposing to merge the first two phases of the design,
conceptual and preliminary, into a single one while ensuring that
both the solution accuracy and turnaround time are acceptable to the
aircraft designer.

There are, however, some fundamental problems in integrating
conceptual and preliminary design tools. At the conceptual stage we
have traditionally integrated a large number of disciplinarymodels of
low-to-medium fidelity coupled into a single multidisciplinary
analysis. The range of variation in the design variables is typically set
large enough to cover large areas of design space. The nature of the
resulting design space is often noisy and ill behaved (with multiple
local minima and discontinuities in some areas). Therefore the
design, in general, may not be amenable to the traditional gradient-
based optimization method, where the search directions are deter-
mined by gradient-based information and the entire design process
becomes fast and efficient. A nongradient-based optimization
approach, which involves direct random searches without needing
such information as gradients and Hessians, is better suited for the
conceptual design stage, and genetic algorithms and the SIMPLEX
method [1] were used in our previous work [2–7]. However those
methods show very slow convergence and require a number of
analyses several orders of magnitude higher than the traditional
gradient-based optimization methods, which makes the incorpo-
ration of high-fidelity analyses into the design process more difficult
due to the limitation of computational resources.

Faced with these problems, as an alternative to the actual high-
fidelity analyses, response surface methods [8,9] have received
increasing attention in recent years and have been effectively
incorporated into the optimization process. A response surface is an
approximate model to a high-fidelity analysis and constructed by
such interpolation methods as polynomial fits, radial basis functions,
Kriging methods, etc. [10–12]. This can represent, in an accurate
and inexpensive way, some key disciplines in the design: the
computational cost is paid up front when the response surfaces are
generated by repeated evaluation of the MDA. The cost of response
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surface generation, however, grows very rapidly for the complex

design spaces with increasing numbers of design variables. Unfor-

tunately, the use of higher fidelity models often requires higher

fidelity discretizations with much larger numbers of design variables

(this is indeed the case for aerodynamic shape optimization [13,14]),

making use of the traditional response surface formulations im-

possible within the context of conceptual design. We proposed the

method of the multifidelity response surface to resolve those issues

and successfully applied it to the supersonic jet design in our

previouswork [7]. The key idea of themethod is to apply low-fidelity

models where they can provide solutions as accurate as the cor-

responding higher fidelity analysis, and to apply the high-fidelity

model only where increased accuracy is required, which can reduce

the computational cost dramatically.
On the other hand, much progress has been achieved with some

high-fidelity design tools. This is true in both the structural design
and aerodynamic shape optimization communities [8,9,13,15]. In
these two areas both separately and in combination [16–19], novel
methods such as the adjoint [13,14,20] and direct methods have been
used to carry out designs with high fidelity and large numbers of
design variables. Efforts to couple these advanced designmethods to
the large number of disciplines that are considered in traditional
conceptual design are only at their beginning stages and the adjoint
method for aerodynamic shape optimization, for example, has not yet
been extended to treat the highly constrained design spaces present in
supersonic vehicle design.

As one of the hybrid approaches to combine conceptual and
preliminary design, we propose a two-level optimization method-
ology and apply it to the supersonic jet design where two separate
optimizations are performed sequentially. The basic idea of the
approach is to take advantage of both optimization methods, global
gradient-free optimization and local gradient-based optimization, at
different design stages. At the conceptual design stage, gradient-free
optimization with a large variation in the design variables determines
the initial rough shapes of wings and fuselage while satisfying
mission and other disciplinary constraints. Computational cost for a
large number of function evaluations is reduced by the use of the
response surface. However, the use of the efficient response surface
may incur errors around 5% in some areas of the design space where
the sample points used for the response surface construction have not
been sufficiently clustered. For this reason, the second component of
our two-level optimization approach is to perform adjoint-based
aerodynamic shape optimizations of the resulting multidisciplinary
designs. At this stage, we try to recover the performance that may
have been lost at the previous optimization stage due to inaccuracies
in the response surfaces and to ensure that the performance of the
resulting design is that predicted by the high-fidelity tools. In
principle, a realistic design would iterate between these two opti-
mization levels until the specified convergence is satisfied.

A major ingredient of this work distinctive from previous work is
the simultaneous use of the Program for Aircraft Synthesis Studies
(PASS) [21] and adjoint methods to formally include all of the
necessary constraints in the design while allowing for high-fidelity
results.

The main components of our approach in this paper can be
recapitulated as the following:

1) PASS [21]: a multidisciplinary design tool that incorporates
carefully tuned fast models for the various disciplines in the design
and is able to deal with all the major objective functions and
constraints in typical aircraft synthesis problems.

2) A hierarchical, multifidelity response surface generation
technique that uses results from classical supersonic aerodynamics,
a linearized supersonic panel code (A502/Panair [22]), and an
unstructured adaptive Euler solver (AirplanePlus [23]) to create
models of the aerodynamic performance. The summary of the
hierarchy of the analysis and design tools used in our study is shown
in Table 1, and computation time for each analysis is also compared.
The analyses for PASS and the panel method (A502/Panair) are
performed on a modern workstation (Pentium 4, 3.2 GHz), and the
Euler methods (AirplanePlus and SYN107-MB) were run in parallel
using 16 Athlon aMD2100+ processors of a Linux Beowulf cluster.
The number of nodes in the structured/unstructured grids is about
4–5 � 106, and the number of surface panels for theA502 calculation
is about 2000. Table 2 shows the hierarchy of the response surface
generation techniques used in our study.

3) Fully automated tools based on a common geometry database
to drive the analysis tools that are used in the generation of the re-
sponse surfaces in this problem (BOOM-UA). This CAD-to-solution
procedure is based on the CAPRI CAD interface of Alonso et al. [18]
and Haimes and Follen [24], the A502/Panair and AirplanePlus flow
solvers, and the Centaur mesh generation system [25].

4) Adjoint aerodynamic shape optimization tools for both single-
block wing–body configurations (SYN87-SB) and multiblock
complete configurations (SYN107-MB) that use inexpensive gra-
dient calculations with larger numbers of design variables to modify
the twist and camber distributions of thewing (without changes to the
wing planform) and to achieve the highest aerodynamic perform-
ance.

In the following sections we describe the various components of
the design method that we have created. We start in Sec. II with the
description of the PASS tool for conceptualmultidisciplinary design,
its capabilities, and the optimization algorithm used. Section III
provides details of the automated high-fidelity analyses for both the
linearized supersonic panel code (A502/Panair) and the Euler/
Navier–Stokes solver (AirplanePlus), including all of the pre- and
postprocessing modules required to produce the necessary infor-
mation. These analysis tools have been presented previously [7] and
the reader is referred to that publication for more details. In Sec. IV
we detail the multifidelity approach that we have followed to
generate response surfaces for the coefficient of drag of the aircraft,
CD. The adjoint method for detailed optimization is explained in
Sec. V. In Sec. VI, the result of a PASS optimization (enhanced by
the multifidelity response surface) for a supersonic jet flying at
M1 � 1:6, with a range of 4000 nmile, and with a takeoff field
length no greater than 6000 ft is presented. High-fidelity validations
of these results (using both structured and unstructured Euler solvers)
are also shown and compared to each other. Finally we show
preliminary results of the adjoint wing redesign for drag mini-
mization at the cruise condition to support the claim that an additional
level of performance can be gained by using localized high-dimen-
sionality parameterizations and high-fidelity flow solutions.

II. PASS Conceptual Design Tool

PASS [21], an aircraft preliminary design tool created by Desktop
Aeronautics, Inc., was used to generate the designs at the conceptual
level in this work. PASS includes an integrated set of predictive
modules for all of the relevant disciplines in the design (including
mission performance). Design variables, objective functions, and
constraints can be set up using any of the relevant parameters and
functions that are used in each of the disciplinary modules, and the

Table 1 Hierarchy of analysis and design tools

Analysis/design method Analysis tool Fidelity Computation time

Classical aerodynamics PASS Low <1 s
Panel method A502/Panair Mid to high �7 s
Euler method (unstructured tetrahedral mesh) AirplanePlus High �10 min (not including mesh generation)
Euler method (single block-structured mesh) SYN87-SB High <10 min (not including mesh generation)
Navier–Stokes method (multiblock-structured mesh) SYN107-MB High �7 min (not including mesh generation)
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design optimization problem in question is defined. Then the
optimization module in PASS, SIMPLEX, or genetic algorithms
generates an optimized design through the several iteration cycles.

This procedure can be carried out through a graphical user
interface to explore the results of each of the participating disciplines
in a design and to specify the design problem.

A view of two of the various aircraft models (fuel tank
arrangement and vortex lattice mesh) that are used by PASS can be
seen in Fig. 1.

Incorporating PASS into the analysis allowed for the evaluation of
all aspects of mission performance, thus providing a balanced
configuration not just limited to meeting some singular performance
goal, but also capable of achieving an overall performance goal
during the full flight mission required for a realistic aircraft design.
Some of the most relevant capabilities of PASS for this work are
briefly summarized next, and other various capabilities such as
maximum elevator rotation, cg management, structural weight
modeling, and rotation constraints are explained in detail in [26].

A. Mission Analysis

1) Geometry representation: The fuselage geometry is determined
by a cross-section layout, which is a function of seat and aisle width,
the seating arrangement, and the floor height. The wing geometry is
extracted from the following design parameters: wing reference area,
span, quarter-chord sweep, taper, and leading- and trailing-edge
extensions.

2) Drag estimation: Lift- and volume-dependent wave drag,
induced drag, and viscous drag are evaluated at key mission points.
Inviscid drag is estimated using linearized methods. The viscous
drag computation is sensitive to Reynolds number and Mach
number, and is based on an experimentally derived fit. Special
attention is paid to transonic drag rise, with numerous points being
sampled up to and through Mach 1. The analysis detail is of a level
that allows configuration tailoring to minimize drag during
supersonic cruise (i.e., the area rule is used).

3)Weights and CG—static stability and trim: Component weights
are based on available data for modern business-jet class aircraft.
Wing weight is estimated based on a bending index that is related to
the fully stressed bending weight of the wing box coupled with a
statistical correlation. The weights of tail surfaces are similarly
determined. Fuselage weight is based on both the gross fuselage
wetted area and the use of a pressure-bending load parameter. The
CG location is computed based on typical placements andweights of
the various aircraft components. CG movement during the mission
due to fuel burn is also computed based on the fuel tank layout and the
ability to transfer fuel between tanks is also used to aid in the
trimming of the configuration throughout its mission.

The change in pitching moment about the CGmust be negative as
the lift is increased. The lift curve slope for the isolated tail (lift curve
slopes for wing and horizontal tail are determined using a DATCOM
correlation [27]) is adjusted to account for wing and fuselage effects

of download on the tail. Trim condition is also imposed by adjusting
the incidence of the tail surface to obtain a zero pitching moment.

4) Propulsion: Engines are typically modeled by sampling a
manufacturer’s deck at numerous Mach numbers and altitudes and
constructing a fit. For this study, a generic deckwas created and hand
tuned to give performance of a level achievable by available, mature
technology, low-bypass turbofan engines.

5) Low-speed analysis: Low-speed stability and trim are computed
using a discrete-vortex-lattice method. These data are then used to
predict such things as the balanced field length (BFL) for the aircraft,
stability derivatives, and estimates for tail incidences at critical low-
speed points (takeoff rotation, for example).

It must be noted that the drag predictions in PASS have been
constructed so that they can be expected to be a reasonable upper
bound in performance if sufficient detailed designwork is carried out
to properly retwist and recamber the wing at the conclusion of the
design.

The mission analysis routine ties together all the various tools in
PASS to run an aircraft through a typical flight and evaluate its
overall performance. The key points analyzed are the takeoff run, the
takeoff rotation, the second segment climb, the subsonic climb-to-
acceleration altitude, the subsonic-to-supersonic acceleration, the
supersonic climb-to-initial-cruise altitude, cruise, and landing. In our
work in this paper, only the cruise condition benefits from enhanced
computations for the aircraft performance in the form ofmultifidelity
response surface approximations for the CD of the complete aircraft.

B. Optimization

PASS provides a nongradient-based optimizer for configuration
studies based on the Nelder–Mead SIMPLEX method [1]. Given
some variables, the optimizer will minimize an objective function
subject to constraints. The variables, constraints, and objective are all
user defined. Typically, the optimizer will be tied to the mission
analysis computation. Constraints usually consist of performance
goals such as range and balanced field length. Additional constraints
to ensure a viable aircraft in the eyes of the Federal Aviation
Administration may also be imposed, to ensure, for instance, that the
aircraft will climb out at the minimum 2.4% gradient stipulated by
Federal Aviation Administration regulations. Details of the
optimization problem formulation are discussed in Sec. VI.

C. Baseline Configuration

The baseline configuration was created using the standard PASS
optimization, which incorporates the mission analyses described in
Sec. II. Subsequent designs started from this configuration with two
significant differences: 1) the inviscid aerodynamic drag prediction
module in PASS was replaced by the response surface fits created
using our multifidelity approach, and 2) once a candidate configu-
ration was generated, an adjoint-based wing twist and camber
optimizationwas run to further improve the performance at the cruise
condition.

Unlike in our previous work [7], the ground boom calculation
module was not used to guide the designs in any way. We will
attempt to include sonic boom considerations into the design
procedure at a later time.

It is worth noting that in the designs presented in this paper, no
assumptions of future technology have been made. All designs use
models of existing propulsion plants, materials, and systems that can
be incorporated into an actual design today.

Table 2 Hierarchy of response surface

Response surface Fidelity

Multidimensional quadratic fit Low
Kriging method High

Fig. 1 Two different views of the configuration within PASS.
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III. Aerodynamic Analysis: Panel (A502/Panair)
and Euler (AirplanePlus) Method

All of the necessary modules to carry out multifidelity aero-
dynamic analyses and ground boom signature computations are
integrated into our multifidelity analysis tool, BOOM-UA. As
mentioned above, however, in this study we did not include the
minimization of ground boom and therefore those portions of
BOOM-UA were not used. The current version of BOOM-UA is an
evolution of our previous work [5,7] that incorporates the ability to
choose between two different aerodynamic solvers of different
fidelities: the linearized panel code A502/Panair, and the Euler/
Navier–Stokes flow solver AirplanePlus. Every other portion of the
tool chain remains the same as before. The use of this integrated
analysis tool guarantees that the geometry definitions used on
multifidelity computations are identical. The differences in the
results of the analysis of the same configuration using the alternate
flow solver modules are solely due to the difference in the flow
predictions between panel code (A502/Panair) and Euler flow solver
(AirplanePlus).

The complete procedure is as follows. First, a parameterized
geometry is represented using a collection of surface patches. These
surface patches can be used directly with panel method analysis
(A502/Panair) or can serve as the geometric description for an
unstructured tetrahedral mesh generated automatically by the
Centaur software. Our geometry kernel, AEROSURF, generates
multiple variations of this baseline configuration as required by the
response surface construction tool. If the changes in the geometry are
small enough (for the Euler solver) we can perturb the baseline mesh
to conform to the deformed shape without problems with decreased
mesh quality and/or edge crossings. If this is not the case, the mesh
can be automatically regenerated to accommodate large changes in
the geometry. Either our Euler solver AirplanePlus or the linearized
panel code A502/Panair calculates the surface pressure distributions
and predicts both the CL and CD and the near-field pressures, which
can then be propagated to obtain ground boom signatures in the case
of the ground boom minimization problem. Figure 2 shows a brief
schematic of all the processes that have been integrated into BOOM-
UA. In this figure, n refers to the number of design points. Each

individual component module is explained in detail in the following
sections. However in this study, the ground boom signature is not
used as an objective function and, therefore, the full solution-
adaptive procedure we have used in the past [7,28] to obtain high-
quality near-field pressureswas not necessary. This greatly simplifies
the calculations used to generate multifidelity response surfaces.

A. Geometry Representation

High-fidelity multidisciplinary design optimization requires a
consistent high-fidelity geometry representation. In general, the
geometric shape of an aircraft can be defined by an appropriate
parameterization of the geometry. This parametric geometry kernel
is available to all of the participating disciplines in the design so that
both cost functions and constraints can be computed using the same
geometry representation.Details of ourCAD-based geometry engine
(AEROSURF) have been presented earlier [7] and will not be
discussed further here.

B. Tetrahedral Unstructured Mesh Generation and Euler Flow

Solution Approach

The high-fidelity portion of this work focuses on the use of
unstructured tetrahedral meshes for the solution of the Euler
equations around complete aircraft configurations. The Centaur [25]
software is directly linked with the surface representation obtained
from AEROSURF and is used to construct meshes for aircraft
configurations and to enhance grid quality through automatic
postprocessing. Only fine meshes need to be explicitly constructed
because our multigrid algorithm is based on the concept of agglom-
eration and, therefore, coarser meshes are obtained automatically.
Figures 3 and 4 show the surface meshes for our baseline config-
urations (wing–body alone and complete configuration with wing–
body-empennage nacelles) that are used to create design variations
based on a number of design parameters. To verify the compatibility
of the two aerodynamic analysis tools, linear panel codeA502/Panair
andEulerflow solverAirplanePlus, the drag polars for both thewing/
body and the complete configurations will be compared to each other
in Sec. VI.A. The triangular meshes on the body surface are shown
significantly coarsened for a visualization purpose: typical flow
solutions are computed using around 2million nodes of a tetrahedral
mesh. This mesh size is significantly smaller (by over a factor of 2)
when compared with the mesh resolution that is required to obtain
solutions of sufficient accuracy for sonic boom computations.
The drag polar comparisons are important as they provide useful
information regarding the areas of the design space where significant
disagreement between the two flow solvers is found.

The three-dimensional, unstructured, tetrahedral AirplanePlus
flow solver is used in this work. AirplanePlus is a C++ solver written
by van der Weide [23] that uses an agglomeration multigrid strategy

Fig. 2 Schematic of the aerodynamic analysis tool, BOOM-UA.

Fig. 3 Unstructured tetrahedral surface mesh around wing/body

configuration.
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to speed up convergence. A modified Runge–Kutta time-stepping
procedure with appropriately tailored coefficients is used to allow
for high Courant–Friedrichs–Lewy numbers. Several options for
artificial dissipation and the block-Jacobi preconditioning method
are all available in the solver. TheAirplanePlus solver is a tetrahedral
unstructured flow solver loosely based on the ideas of the original
AIRPLANE code [29].

Figures 5 and 6 show typical surface pressure plots corresponding
to the full configuration in the cruise condition. These figures are
simply used to highlight the complexity of the wave patterns in the
rear portion of the aircraft where the flow around the fuselage, wing,
nacelles, and empennage interact in complex ways. The addition of
pylons to support the nacelles and of power effects only serve to
complicate the flow patterns further. This type of flow pattern can be
hard to understand, particularly in the context of sonic boom
computations.

C. Three-Dimensional Linearized Panel Method, A502/Panair

The A502 solver, also known as Panair [4,22], is a flow solver
developed at Boeing to compute the aerodynamic properties of

arbitrary aircraft configurations flying at either subsonic or
supersonic speeds. This code uses a higher order (quadratic doublet,
linear source) panel method, based on the solution of the linearized
potential flow boundary-value problem. Results are generally valid
for cases that satisfy the assumptions of linearized potential flow
theory—small disturbance, not transonic, irrotational flow and
negligible viscous effects. Once the solution is found for the
aerodynamic properties on the surface of the aircraft, A502 can then
easily calculate the flow properties at any location in the flowfield,
hence obtaining the near-field pressure signature that becomes
straightforward, which is needed for sonic boom prediction and
a low-boom design (not in this work). In keeping with the
axisymmetric assumption of sonic boom theory, the near-field
pressure can be obtained at arbitrary distances below the aircraft [30].

Because we are using two different flow solver modules for our
multifidelity response surface fitting tool, it is important to be aware
of the similarities and differences in the solutions provided by each of
the flow solvers. As mentioned in the previous section, the drag
polars for the baseline configuration using the available flow solvers
will be compared in a later section. The panel topologies for the same
baseline configurations presented earlier are shown in Figs. 7 and 8.

Pressure distributions for the panel code, corresponding to the
same configurations shown for the Euler code in Figs. 5 and 6, are
shown in Figs. 9 and 10. For this particular case (Mach number and
CL), the validity of the panel code solutions is rather good and the
flow patterns that can be observed are similar to those from the Euler
results. It must be noted that the surface panel representations in
Figs. 7 and 8 have also been coarsened for presentation purposes. In
addition, the nacelles are represented in A502 not by their true
geometry, but instead, by an equivalent area representation that leads
to differences in the predicted flow patterns. This is one of the
shortcomings of the linearized panel code that can be overcome, at
significant computational cost, by using the Euler solver.

IV. Multifidelity Response Surface Generation

Now that the two basic tools used to create supersonic designs,
PASS and BOOM-UA, have been described, it is necessary to
explain the procedure we have used to integrate them into a single
analysis and optimization capability. The concept is straightforward:
if the multifidelity analysis capability can be used to create response
surfaces for the drag coefficient CD, the corresponding low-fidelity
modules in PASS can be replaced by these response surface fits.
This makes for a remarkably simple integration problem and also
provides us with the ability to predict the changes in aerodynamic
performance resulting from wing section changes. The baseline
version of PASS with a low-fidelity module is unaware of the actual

Fig. 4 Unstructured tetrahedral surface mesh around full baseline
configuration.

Fig. 5 Upper surface pressure distribution for full baseline configura-

tion using AirplanePlus Euler calculation (low pressure: black, and high

pressure: white).

Fig. 6 Lower surface pressure distribution for full baseline configura-
tion using AirplanePlus Euler calculation (low pressure: black, and high

pressure: white).
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wing sections used and assumes that, whatever the sections are, they
have been adjusted in such a way that the camber and twist
distributions are optimal (in the sense that they get close to elliptic
load distributions in both the spanwise and streamwise directions). A
modified version of PASS can then be used to generate optimized
results and the outcome of the optimization can be analyzed using the
high-fidelity tools to ensure that the response surface fits provide
accurate representations of the true high-fidelity responses. The level
of accuracy in the response surface representation depends greatly on
the number of high-fidelity calculations that are used. Becausewe are
trying to minimize this number, we will undoubtedly incur some
errors in the fits, which will be compensated for at the next level of
optimization. The validity of these fits will be assessed by direct
analysis of the resulting optimized designs using two different Euler
solvers.

Our multifidelity approach to the construction of the response
surface fits relies on a hierarchy of three different aerodynamic
analysis modules as follows: 1) the PASS internal analysis based on
classical aerodynamics; 2) the A502/Panair supersonic linearized
panel code; and 3) Euler solutions of the highest fidelity using
unstructured mesh (with a total of around 1–2 million nodes for the
complete configuration). We refer to these computations by the label
“fine Euler (FE).”

To obtain response surface fits of the highest fidelity one could
carry out a large number of FE solutions and fit the resulting data.

Unfortunately, for large dimensional design spaces (we will be using
a total of 23 design variables later on), accurate fits require a large
number of function evaluations. This is particularly true in our case
because the ranges of variation of each of the design variables are
rather large.

The main objective in this section is to generate response surface
fits of the same quality/accuracy that would be obtained by
evaluating the FE solutions only, but at a much reduced cost. We
accomplish this by relying on a fundamental hypothesis: the higher
fidelity tools are only needed in small regions of the design space
where the lower fidelity models have exhausted their range of
applicability. This is bound to be true as it is the premise upon which
aerodynamic design has been predicated for the last 50 years:
aerodynamicists and engineers use the fastest tools for a specific
purpose (when they are known to work well) and switch to more
time-consuming, expensive tools only when they are needed. For
example, in supersonic design, classical equivalent area concepts and
linearized panel codes can provide very accurate results as long as
nonlinear effects (such as transonic flows in the direction normal to
the leading edge of the wing) are not present and viscosity does not
play a dominant role in the solution of the flow.

With this in mind, we have used the following five-step procedure
to create the response surfaces used in this work. All databases of
candidate designs are obtained by populating the design space using
a Latin hypercube sampling technique.

Fig. 7 Panel representation around wing/body configuration.

Fig. 8 Panel representation around complete baseline configuration.

Fig. 9 Upper surface pressure distribution for full baseline configura-
tion using A502/Panair (low pressure: black, and high pressure: white).

Fig. 10 Lower surface pressure distribution for full baseline config-

uration using A502/Panair (low pressure: black, and high pressure:

white).
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1) Run a large database of candidate designs (>8000) using the
aerodynamics module in PASS. Each evaluation takes roughly 1 s to
compute on a modern workstation (Pentium 4, 3.2 GHz). This
evaluation also flies each aircraft through the mission and returns a
measure of the infeasibility of the design (an L-2 norm of the
constraint violations.) Those designs that are found to significantly
violate the requirements/constraints of themission are removed from
the database and are no longer considered in the response surface
creation.

2) Run the remaining database of candidate designs (�2500)
using the A502/Panair solver. Each evaluation requires about 10 s of
CPU time on the same modern workstation.

3) Select the design points whose relative error for CD (based on
the baseline design) is larger than a specified threshold, �PASS�A502,
and analyze only those designs using the FE approach. In our work,
we have set this threshold to about 45% resulting in a number of high-
fidelity function evaluations in the neighborhood of 200. Each FE
evaluation, from beginning to end, including geometry and mesh
generation (the bottlenecks in the process, because they are run
serially), requires about 25 min of wall clock time. The flow solution
portions (using AirplanePlus) are run in parallel using 16 Athlon
AMD2100+ processors of a Linux Beowulf cluster.

4) A baseline quadratic response surface fit (using least squares
regression) is created for the CD obtained with A502/Panair. The
error between the values of the FE evaluations and the predictions of
these quadratic fits is approximated with a Kriging method, and the
resulting approximation is added to the baseline quadratic fits.

In sum, the response surfaces provided to PASS are the addition of
the quadratic fits based on the panel method (A502/Panair) results
and theKriging fits of the error between the Euler solutions and those
quadratic fits.

It is also noted that when the fidelities of the flow solvers are
switched from low to high, the original feasibilities of the sample
points may not be preserved as different aerodynamic performances
are predicted by higher fidelity analysis. Thus a certain number of the
design points in design space represented by the final response
surfacemay no longer be feasible; however, the optimizationmodule
in PASS (SIMPLEX) filters out those points during its optimization
procedure by reevaluating the mission constraints, and ensures that
the design candidate points satisfy the mission constraints.

Figure 11 shows the result of the over 2500 candidate designs
(closed circles) evaluated using panel method analysis (A502/
Panair) that are retained after the initial filtering of over 8000 PASS
results. The dots (open circles) in the figure indicate those candidate
designs for which the predicted values of CD are off by more than
�PASS�A502 > 45% between PASS and panelmethod analysis (A502).
Note that a number of these dots (open circles) have unreasonably
large values ofCD because the geometries and design conditions are
such that the limits of applicability of the panel method analysis
(A502) are exceeded. These points for which the disagreement
between PASS and the panel method analysis (A502) is large are
taken for further evaluation using FE. Figure 12 shows the results of
the FE analyses (triangles) for a subset of about 200 of the panel
method (A502) results (open circles). The final result is a set of FE
evaluations that are meant to be clustered around the areas where the
lower fidelity models cannot accurately predict the flow physics.

This multifidelity procedure has, to some extent, the flavor of
Richardson’s extrapolation in that it recursively uses results from
different fidelities to arrive at afinal answer/fit. It also has an adaptive
nature to it, as results from the higher fidelity models are only
evaluated in areas of the design spacewhere the lowerfidelitymodels
are found to be insufficiently accurate. If the hierarchy of models is
chosen in such a way that the areas where the lower fidelity models
fail are small compared with the size of the design space, then the
procedure described above should be effective in producing results
that are of nearly high fidelity over the entire design space. Our
experience shows that this is the case for aerodynamic performance:
the PASS aerodynamic module is quite good at predicting the
absolutely best wing (lower bound estimate on the CD) that could be
produced if considerable designworkwere done on the configuration
(potentially using adjoint methods and a high-dimensional shape

parameterization). However, it is unable to predict some of the finer
details of aerodynamic performance and certainly fails when
transonic effects are present. The panel method (A502/Panair) is also
unable to deal with transonic flow effects but produces more realistic
results than the PASS analysis as the actual geometry of the
configuration is truly accounted for. Finally, the Euler models are
excellent predictors of the aerodynamic performance of the complete
aircraft as long as viscous effects are not dominant.

V. Optimization Methods

In Sec. I, we gave a brief introduction to the characteristics of the
design space we are handling and the appropriate choice of the
corresponding optimization algorithms.More details are provided in
this section.

The complexity of the conceptual design procedure is tightly
related to the time of execution of a single MDA, the number of
design variables used to parameterize the configuration, and the
choice of optimizer, which results in a certain number of analyses for
the specified number of design variables. Depending on the behavior
of the design space, a different optimizer is favored based on how it
finds the search directions.

A. Nongradient-Based Optimization

At the stage of conceptual design, especially for the supersonic
design problem, large variations in the design variables are typically
necessary, and the corresponding design space cannot be guaranteed

Fig. 11 Database of A502/Panair results: A502-analyzed points (●)

and A502-analyzed points with large errors (○).

Fig. 12 Database of A502/Panair and Euler results: A502-analyzed

points (●), A502-analyzed points with large errors (○), and FE-analyzed

points (△).
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to be smooth in most areas of the design space. It can be noisy
and contain multiple local minima, and even discontinuities. Thus
gradient information may not be available everywhere in design
space, and the optimizer, which does not require such information, is
a better choice at this design stage. A Nelder–Mead SIMPLEX
method [1], which uses SIMPLEX, a polytope of N dimensions to
find search directions in design space, or genetic algorithms based on
evolutionary algorithms are good examples of the gradient-free
optimizationmethods [31–33]. They have been shown toworkwith a
wide range of problem types, and the additional complexity required
to compute gradients, approximate Hessians, perform line searches,
and determine the optimal steps is not needed. These properties
have a tendency to make the search procedures simple and robust;
however, at the same time, they require a large number of MDAs
making the convergence of the search process slow. This fact has
made direct incorporation of high-fidelity analyses into the opti-
mization process more difficult and time consuming, and a response
surface method has been alternatively used for these types of
optimization methods. The SIMPLEX method and genetic algo-
rithms have been successfully employed in our previous work [5,7]
within the PASS framework in combination with multifidelity
response surface methods.

B. Gradient-Based Optimization: Adjoint Method

On the other hand, if a design problem shows a smooth response to
the variation in the design variables and gradient information is

readily available and can be obtained inexpensively (as is the case
with the adjoint method), gradient-based optimization techniques
can be shown to have significant advantages over nongradient
search procedures. A search direction is obtained based on gradient
information at each computation step, and the search procedure
quickly moves toward local minimum.

An adjoint-based optimization method [13,14,20] becomes very
popular as one of the gradient-based methods. The basic theory and
methodology of the adjoint method has been presented numerous
times before and only a brief recapitulation will be considered. The
reader is referred to [34,35] for more details of the actual formulation
and for representative design calculations using this method. The
fundamental principle of the adjoint method is based on optimal
control theory [36,37], and gradients of the functions in question are
obtained by solving a separate adjoint equation. A major advantage
of the adjoint method is that the method is effectively independent of
the number of design variables, and the efficiency of themethod is by
far greater than that of finite-difference methods. By now, the adjoint
method has been used for a very large number of design calculations
in all flow regimes: low-speed high-lift configurations, transonic
designs, and supersonic configurations. This method has been
applied in both academic and industrial environments and is now a
fairly established procedure.

In this work we are seeking to combine the advantages of
both gradient- and nongradient-based optimization procedures. As
mentioned, PASS uses a SIMPLEX method and is able to produce
reasonable designs (using a maximum of about 20–25 design
variables) even with very large variations of the design variables.
Once the SIMPLEX method has converged to an optimum (local or
global) we may limit ourselves to smaller changes in the config-
uration. These changes are more likely to result in well-behaved
design spaces that can be tackled with an adjoint procedure and a
gradient-based optimization algorithm. In this second level of our
optimization, modifications are imposed on the twist and camber of
the wing, while maintaining the same wing planform, fuselage, and
relative positioning of the nacelles and empennage.

Two different tools are available for this portion of the overall
optimization as follows:

1) SYN87-SB: A single-block, wing–body Euler adjoint
optimization code that uses the NPSOL SQP algorithm [38] for the

Table 3 Performance requirements for
optimized baseline configuration

Cruise Mach 1.6
Range, n mile 4000
BFL, ft 6500
Minimum static margin 0.0
Alpha limit, deg 15
MTOW, lb 96,876

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0.007

0.008

0.009

0.01

0.011

0.012

0.013

0.014

Mach number normal to the wing inboard LE

C
D

A502/Panair
Euler

Fig. 14 Drag coefficient at different normalMach numbers to the wing
inboard leading-edge (LE) section.

0 0.05 0.1 0.15 0.2 0.25

0.004

0.006

0.008

0.01

0.012

0.014

0.016

C
L

C
D

Drag polar for wing/body baseline configuration

A502/Panair
Euler

0 0.05 0.1 0.15 0.2 0.25
C

L

C
D

Drag polar for full baseline configuration

A502/Panair baseline
Euler baseline

0.004

0.006

0.008

0.01

0.012

0.014

0.016

a) Drag polar of wing/body baseline configuration

b) Drag polar of complete baseline configuration

Fig. 13 Drag polars for A502/Panair and AirplanePlus.

CHOI, ALONSO, AND KROO 783



optimization with or without constraints. It allows for arbitrary
changes to the shape of the fuselage and wing and is able to enforce
thickness, curvature, and fuel volume constraints.

2) SYN107-MB: A multiblock, complete configuration,
Reynolds-averaged Navier–Stokes adjoint optimization code that
also uses the NPSOLSQP algorithm for optimization and that allows

similar geometry controls, cost functions, and constraints as SYN87-
SB, but that can treat arbitrarily complex geometries such as the
complete aircraft configurations that are the subject of this work.

Because of limitations in computing time, this second level of
adjoint-based optimization was carried out using the SYN87-SB
code alone. However, the flow solver portion of SYN107-MB was

Fig. 15 Summary of baseline configuration.
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used to carry out validation runs using a 5:9 � 106 node multiblock
mesh that was constructed for the PASS/response surface optimized
configuration.

VI. Results

A. Comparison of Results: Panel Method (A502/Panair) vs Euler

Analysis (AirplanePlus)

It is necessary to check and compare the quality of the results
produced by different fidelity analyses, as it ensures the accuracy of
themultifidelity response surface forCD and affects the optimization
results later on.

If the errors between the two approximations are large over
wide areas of the design space, the fundamental premise of the
multifidelity approach is not valid any longer. To do a limited test of
this assumption, we show in Fig. 13 drag polars computed using
A502 and AirplanePlus for the baseline configuration in its wing–
body and complete configuration versions. The corresponding drag
polars show fairly similar trends and absolute values with typical
differences around 3 counts for the wing–body configuration and
slightly larger differences for the complete configuration. These
slightly larger differences come partly from the fact that both solvers
use different nacelle geometries. A502/Panair uses a representation
of the nacelle based on an equivalent body of revolution, which
differs from the actual geometry of the real nacelles used in the Euler
code. However, the relative errors are still reasonable and around
5–6%. It must be mentioned that for the wing–body configuration,
the results of the drag polar show somewhat larger errors when
compared to the classical aerodynamics performance predictions in
the baseline version of PASS. Because PASS assumes an optimized
wing shape (in the load distribution sense), we carried out a number
of adjoint-based twist and camber optimizations that were able to
reduce the values of the Euler CD so that the agreement with PASS
was rather good (around 1–2 counts). These results are not presented
here for brevity.

The accuracy and efficiency of our design procedure is predicated
on the fact that the panel method analysis (A502/Panair) can be
assumed to provide accurate information in large regions of the
design space. It is expected to fail in regions where nonlinearities
(such as transonic flows and shock waves) are present. To assess the
validity of this assertion, we carried out the following computational
experiments. For the baseline wing/body configuration, and for a
given wing inboard leading-edge sweep angle (around 65 deg), we
changed the freestream Mach number to the following values: 1.4,
1.6, 1.8, and 2.03, so that the corresponding normal Mach numbers
were 0.5949, 0.68, 0.7649, and 0.85, respectively. The errors
calculated for two methods are �2:2, �1:58, 8.6694, and 28.22%,
respectively. All computations were carried out at a fixedCL � 0:13.
The drag coefficients for the panel method analysis (A502/Panair)
and Euler calculations are compared in Fig. 14. For the fully subsonic
(normal to the leading-edge) Mach numbers, the two aerodynamic
analyses show fairly good agreement. However as the normal Mach
number enters the transonic regime (where the value of the normal
Mach number is typically larger than 0.75) the differences in drag
coefficient become very large. This explains that there are areas in the
design space where the high-fidelity tool should be applied to
provide corrections to the objective function value predicted by the
lower fidelity tools.

B. Baseline Configuration: Standard PASS Optimization

For subsequent design work, an optimized baseline geometry was
generated by running the standard version of PASS for a mission
with the performance objectives summarized in Table 3. Mission
requirements and geometric constraints for the baseline configura-
tion were based on numbers that were felt to be representative of
current industry interest. The value of the maximum takeoff weight
(MTOW) is the result of the optimization as this was the objective
function of the design. As mentioned before, in an effort to generate
an aircraft achievable using current levels of technology, advanced
technology assumptions were kept to a minimum.

The values of the design variables for the resulting baseline
configuration (Fig. 15) (which are also used as starting points for
subsequent designs) are provided in the second column in Table 4.
Note that the values in italic letters were not allowed to vary during
this initial optimization. In addition to these variables, six variables
representing the radii of fuselage stations located at 5, 10, 15, 62.5,
75, and 87.5% of the fuselage length were added to allow for
performance improvements and to maintain cabin and cockpit
compartment constraints. Finallywing section changeswere allowed
at three defining stations. The twist at the root/symmetry plane
section, the leading-edge crank section, and the tip section were

Table 4 Geometric design variables for design optimization and

values for baseline design

Wing and tail geometry
Design variables Baseline Optimized

Wing reference area (Sref), ft
2 1078 1083

Wing aspect ratio (AR) 4.0 3.1
Wing quarter-chord sweep (�), deg 53.35 58.85
Wing taper 0.15 0.15

Wing dihedral, deg 3 3

Leading-edge extension 0.278 0.617
Trailing-edge extension 0.197 0.0085
Break location 0.4 0.4

Location of wing root leading edge 0.294 0.201
Root section t=c, % 2.5 2.31
Break section t=c, % 3.0 2.5
Tip section t=c, % 2.5 2.55
Root section twist 0.0 1.188
Break section twist 0.0 0.1348
Tip section twist 0.0 �4:218
Root section maximum camber location 0.279 0.346
Break section maximum camber location 0.345 0.292
Root section maximum camber 0.0 0.000131
Break section maximum camber 0.0 0.0073
Vertical tail area (% Sref) 0.125 0.125

Vertical tail AR 0.65 0.65

Vertical tail �, deg 56 56

Vertical tail � 0.6 0.6

Horizontal tail area (% Sref ) 0.6 0.6

Horizontal tail AR 2.0 2.0

Horizontal tail �, deg 56 56

Horizontal tail � 0.3 0.3

Fuselage geometry
Maximum fuselage length, ft 125
Minimum cockpit diameter, in. 60
Minimum cabin diameter, in. 78
Cabin length, ft. 25

Fig. 16 Drag polar of baseline configuration when wing section

changes with cambers and twists.
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allowed to vary. Furthermore, the value of themaximum camber and
the location of the maximum camber were also allowed to change at
the first two wing defining stations. This makes up for an additional
seven design variables for the wing.

Note that the allowable ranges for all of the design variables (for
this baseline configuration and all subsequent designs) were rather
large, being at least �30–40% of their baseline values. This large
range of variations allows for a more complete design space to be
searched but also makes the job of both the optimization algorithm

and the response surface fitting techniques more complicated. The
values of the leading- and trailing-edge extensions in the tables are
normalized by the trapezoidal wing root chord. The location of the
wing root leading edge is normalized by the fuselage length and is
measured from the leading edge of the fuselage. Both the vertical and
horizontal tail areas are normalized by Sref .

In Fig. 16, we show the drag polars of the baseline configuration
(designed using the standard version of PASS and without allowing
for changes in the wing twist and camber) analyzed using bothA502/

Fig. 17 Summary of optimized configuration.
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Panair and AirplanePlus. The results of the panel method analysis
(marked with *) and the Euler analysis (marked with◇) are in fairly
good agreement with each other. However, to identify the difference
in the prediction capability between panel and Euler codes,
especially when the panel code is solely used for optimization, an
optimization using the panel method alone has been carried out, and
the Euler method was employed for the validation of the optimized
results. PASS was used for optimization with its low-fidelity aero-
dynamic prediction module replaced by the panel method (A502/
Panair), and only the fuselage shape and the wing twist and camber
were allowed to vary. We can see in Fig. 16 how the drag is signifi-
cantly reduced: a decrease of nearly 20 drag counts is found.
However, the validation using Euler computation shows discrep-
ancies of about 10 drag counts between the predictions of the panel
method analysis (A502) and the Euler analysis (AirplanePlus) (lines
with open circles and triangles, respectively), which indicates the
limitation of the linearized potential flow model of A502/Panair.

If it were possible to reduce the drag of the Euler designs to the
levels predicted by A502 (a difference of about 10 drag counts
uniformly across the CL range), then one could use A502 as an
aerodynamic model with relative confidence, knowing that, at the
end of the design, a high-fidelity wing retwist and recamber will be
necessary. This is one of the main reasons why we will follow our
PASS/SIMPLEX optimizations with an adjoint-based twist/camber
design. However, the issue of the differences between the repre-
sentation of the nacelles in both codes still remains and needs to be
accounted for in A502/PASS to provide realistic and attainable
goals.

In fact, we will later show that Euler optimizations further reduce
some of the lost drag, but not all of it. Our preliminary computations
show that about half (5 counts) of the drag difference can be
additionally reduced by using a large number of design variables and
the Euler adjoint method implementations.

C. PASS Optimizations Using Response Surface Fits

Changes were made as necessary to the PASS code to incorporate
theCD fits. Formore details of how thiswas accomplished, the reader
is referred to [7].

1. PASS Optimized Configuration for Minimum Maximum Takeoff

Weight

In this section we present the results of the optimization that used
the version of PASS that had been enhanced with the response
surface fits createdwith ourmultifidelity approach. The focuswas on
minimizing the MTOW of the aircraft while meeting all of the
mission requirements.

Views of the fuselage layout, a top view of optimized configu-
ration, and the resulting mission profile with key values are shown in
Fig. 17. The values of the geometric design variables of the
optimized configuration are shown in Table 4. Figure 18 shows the
side-by-side comparison of the baseline and optimized configura-
tions. The increase of the wing inboard sweep and decrease of the
wingAR are noticeable in thewing planform changes. From the front
view, we can see that the flat wing of the baseline configuration has
received both camber and twist. Minor changes in several fuselage
sections have also occurred.

There are several points of interest that must be noted. The
response surface fit predicts a lower CD and a higher CL (improving
L=D significantly) when compared with the direct Euler analysis for
validation. As a result of the quality of the response surfaces our
optimizations believe that they have achieved a higher performance
aircraft than they really have. In fact, PASS predicts an inviscid
cruise CD of 0.0074 at a design CL of 0.1397, which leads to a high
inviscidL=D of 18.774. Euler validation of this configuration results
in an inviscid CD that is larger by 13% with a value of 0.0087.

After careful investigation, the reason for these differences
becomes obvious: the Euler analyses used to create the CD response
surfaces are clustered around design CLs of 0.12 to 0.13. In the
meantime, the optimizer has determined that a larger CL would be
beneficial to the design (in the neighborhood of 0.14). For this

reason, the amount of high-fidelity data points around thefinal design
region is not enough and the quality of the fit is reduced. This seems
to indicate that additional Euler evaluations in the neighborhood of
CL � 0:14 would be needed to improve the agreement between the
predicted and achieved designs.

After realizing that the accuracy of our fits was poor around the
0.14 value of lift coefficient, other optimizations were run that were
forced to fly at lower levels of CL (around 0.12). Surprisingly, the
design parameters for those designs were very similar to the previous
one already presented with CL � 0:1397. The corresponding Euler
validation shows similar differences from the response surface
results, and for that reason we have omitted those results here. In
comparisonwith previouswork [7] it appears clear that the number of
high-fidelity function evaluations required for a 23-dimensional
design space is more in the neighborhood of 500–1000 than in the
200 range that we have used here.

A reasonable way to fix the lack of the accuracy in our response
surface is the addition of more sample design points using Euler
analyses, although this is not considered in our study. This procedure
can be iterative so that another optimization is performed using the
updated response surface. This iterative sampling procedure
adaptive to the incumbent optimization results has a great advantage
in the accuracy of the final optimization results, and is left for future
work.

2. High-Fidelity Validation of Optimization Results

The aerodynamic performance of the configurations predicted by
PASS combined with the response surface fits should be validated
with our high-fidelity tool, AirplanePlus. As mentioned previously,
although the results of the Euler validation are slightly different from
what the fit predicted, the optimized configuration shows a good
improvement in aerodynamic performance while satisfying all the
mission requirements. A comparison of surface pressure distri-
butions (for both the lower and upper surfaces and in side view) is
shown in Figs. 19–21. The reader should notice a slightly larger
fuselage radius around the nose area and increased wing inboard
sweep, which has reduced the shock strength significantly.

We have also created amultiblockmeshwith nearly 6 � 106 nodes
for the optimized configuration that we intend to use in future work
for complete configuration adjoint designs. Given that this mesh was
at hand, it provided us with a unique opportunity to cross validate all
of the Euler results that had been, up to then, produced with our
unstructured flow solver, AirplanePlus. A view of the coarsened
meshes on the surface of the configuration and the symmetry plane
can be seen in Fig. 22. The results of a drag polar validation using
both codes (the mesh for AirplanePlus had nearly 1:6 � 106 nodes)

Fig. 18 Comparison of shapes of baseline and optimized configuration.
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can be seen in Fig. 23. The results show that they provide nearly
identical solutions throughout the range of CLs. This is important
because the airfoils across the span of the configuration have rounded
leading edges, but, because of the low thickness-to-chord ratios, it is
not straightforward to put enough grid resolution around the leading
edge using nearly isotropic unstructured meshes. With the multi-
block approach, anisotropic cells are easily created around the
leading edge and can resolve the effects of leading-edge curvature
rather nicely. However the good agreement in Fig. 23 indicates that
the unstructured Euler solutions are just as capable of doing so. As an
aside, we had thought earlier on that some of the discrepancies
between the Euler solvers and A502 were due to the inability of the
Euler solver to capture (with a coarse leading-edge mesh) the
leading-edge suction. This drag polar comparison seems to indicate
that this is not the case.

D. Adjoint Optimization

The final section of this paper involves the result of wing–body
adjoint-based optimizations using SYN87-SB, where the only
design variables in the problem correspond to a detailed param-

eterization of the twist and camber distributions on the fixed wing
planform. Everything else remains unchanged from the values of the
configuration optimized at the previous level. For this purpose a drag
minimization calculation atCL � 0:14was carried out. The twist and
camber distributions of the wing were parameterized at seven
defining stations with 18 design variables (leading- and trailing-edge
droop, twist and 15 camber Hicks–Henne bumps) for a total of 126
design variables. The optimization was allowed to run for 50 design
iterations, at which point it was stopped (although full convergence
had not been reached, the results were making very small drag
improvements, of the order of one-tenth of a count of drag). At the
designCL the computed value of the drag for the baselinewing–body
configuration (using a block-structured mesh with 257 � 64 � 49
nodes) was 72.02 counts. In 50 design iterations and through twist
and camber changes, the drag of the wing–body configuration
decreased by almost 5.5 counts.

It should be noted that because the changes occur only in the wing
sections (twist and camber, no thickness changes), it is assumed that
the resulting configuration still meets all of the mission requirements
imposed by PASS. Of course, this may not be exactly true, but

Fig. 20 Pressure distribution plots—upper surface (low: black, high: white).

Fig. 22 Mesh topologies and pressure plots for AirplanePlus and FLO107-MB analyses (low: black, high: white).

Fig. 19 Pressure distribution plots—lower surface (low: black, high: white).

Fig. 21 Pressure distribution plots—side view (low: black, high: white).
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additional iterations of the design procedure are able to correct these
inconsistencies.

This kind of optimized result could then be fed through the PASS
procedure to find out the resulting improvement in performance that
turns out from this additional design work.

VII. Conclusions

In this paper we have presented the evolution of the methodology
[7] for the design of supersonic jets using a multifidelity approxi-
mation to the response of the vehicle in the cruise condition. The
method incorporates an aircraft synthesis tool, PASS, which is able
to account for a large number of realistic constraints throughout a
specified mission from takeoff to landing, and the variable-fidelity
analysis environment, which can be used for rapid generation of
multifidelity fits for the drag coefficient CD. The main advantage of
our proposed method is that such a tool as PASS, which uses low-
fidelity analyses, can be leveraged while providing results that are of
high fidelity with reasonable additional cost.

The combination of a hierarchy of models for the prediction of the
aerodynamic performance appears to be quite effective but one needs
to pay attention to the number of function evaluations of the higher
fidelity solvers to ensure that the overall error in the response surface
fits is low in all areas of the design space. In our study, the criteria to
switch to the higher fidelity models are based on the differences in
aerodynamic performance predicted by the different fidelity tools.
The threshold values of the criteria are set a priori to make
computational costs for higher fidelity analyses low but to maintain
the desirable accuracy. A more detailed study on the switching
criteria and its effects on the accuracy of the response surface and the
resulting optimum solutions are meaningful and left for future work.

The two-level design procedure, which complements PASS
optimization with high-fidelity, adjoint-based designs, appears to
produce significant performance improvements when compared to
the Euler evaluation of the PASS results. We intend to pursue this
effort a bit further to determine whether, in general, one can carry out
PASS-based designs solely with low-fidelity tools while ensuring
that an adjoint-based redesign can recover designs whose per-
formance is close to that provided by these “best-case” scenario
tools. An iterative design procedure, which involves simultaneous
updates of the response surface with adaptive clustering around the
resulting optimum design points and the corresponding new search
process, will further show the converged results, and this is also left
for future work.

As one of themajor difficulties with practical design of supersonic
jets is the sonic boom on the ground and our previous work already
addressed those issues, future work will also expand our design
procedure to treat more systematically the boom problem. In
particular, an area that needs to be addressed is the creation of

accurate response surface fits for various measures of the loudness of
the sonic boom signature. An addition of the low-boom requirement
to our current mission and performance objectives and constraints
can make our design methodology more meaningful for the practical
design of supersonic business jets. The aerodynamic performancewe
have achieved in our current work and the reduction of the sonic
boom loudness level from our previous work [5,7] are better than
those of Concorde. AnL=Dwe achieve in our study is comparable to
or better (L=Dinviscid � 16,L=D� 7:55) than that ofConcorde (�7:5
during a cruise), and the sonic boom overpressure we are dealing
with is almost half that of Concorde. Although a direct comparison of
our design with Concorde is not practical as the performance and
sonic boom loudness greatly depend on the aircraft characteristics
and flight conditions, these facts clearly indicate that our design
method has a potential to be used for practical purposes.

However, it should be noted that the success of our design method
relies on the accurate assessment of the capability of each analysis
tool and exact identification of the areas in the design space where
low-fidelity analysis cannot provide a high accuracy. In general,
the tradeoff between the accuracy and efficiency makes different
effects on the optimization solutions for different types of problems.
Therefore, for an application of our design method to general design
problems, a careful study should be preceded to define the hierarchy
of the analyses and the characteristics of the design space in question.
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